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ABSTRACT 
This study deals with the application of the fission-track method to 
constrain thermal history in three active geothermal areas: the North 
Kurikoma and the Hijiori geothermal areas, northeast Japan, and the 
Valles caldera, New Mexico, USA. In these areas an advanced technology 
to exploit geothermal energy, known as hot dry rock geothermal energy 
(HDR), has been engineered. One of many essential problems to establish 
HDR is to clarify the geolog ical background, especially the thermal 
his tory of these geothermal areas. 
It will be clarified in this study that, among many radiometric dating 
methods, the fission-track method can provide unique and essential 
information to constrain the thermal history of geothermal areas. This is 
because: l) the fission-track method has unique closure temperatures in 
the range 100- 250 °C using apatite and zircon; 2) temperature is by far 
the most dominant parameter that influences the dating system; 3) ages are 
determined on individual grains; and 4) it can provide not only the age 
information but also information on spontaneous track length, which 
cons trains the interpretation of the thermal his tory. 
This study consists of three parts. The first part deals with the North 
Kurikoma geothermal area, the second part deals with the H ij iori geothermal 
area and the third part deals with the Valles caldera. 
For the first part, fiss ion-track methods are applied to Neogene fe lsic 
volcanic rocks, a Neogene intrusive rock and pre-Tertiary granitic basement 
rocks, which are distributed in the North Kurikoma geothermal area. The 
Neogene felsic volcanic rocks were dated as -2 Ma, which implies the 
caldera-forming volcanic activity occurred at -2 Ma. The Neogene intrusive 
rock was dated as -22 Ma. The concordant radiometric ages of -22 Ma at 
t.h ree different localit ies ind icate that a contemporaneous intrus ion episode 
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occurred at that time. The zircon fission-track age of mylonitized 
granodiorite -0.5 - I. 0 km in depth was 31.2 ± 3. 9 Ma, which is a thermally 
re.duced age. The heat that influenced the fission-track system is assumed to 
have come laterally . Thermal history of some igneous rocks that are exposed 
In this area is also estimated. 
For the second part, fission-track methods are applied to pre-Tertiary 
granitic basement rocks that are distributed beneath and outside of the 
Hijiori caldera. The zircon fission-track ages of the granodiorite -1.5-2.2 
km in depth were 48 - 35 Ma, which are thermally reduced ages. The heat 
that reduced the age of the sample -I. 5 km in depth is estimated to have 
come laterally. Cooling curves of the granodiorite beneath and outside of the 
Hijiori caldera are estimated. From the estimation, the granodiorite outside 
of the caldera coo led below -I 00 oc at 4. 3 ± 0. 9 Ma, whereas the one -I. 5 -
2 . 2 km beneath the caldera has had almost constant temperature of -240 -
270 °C since -I 0, 000 years ago. 
For the third part, zircon fission-track methods are applied to samples 
whose present temperatures are 222 - 294 °C, collected from a I. 76 km deep 
bore-hole in the Valles caldera. All of the ages obtained from Permian 
sandstone to Precambrian quartz monzonite indicate partially reduced ages of 
-450 - 600 Ma. There is no correlation between zircon ages and sampling 
depth, probably due to hot fluid flow and/or hot vein emplacement 
associated with recent volcanic activity. 
In addition to these results, it is inferred that I) the K -Ar K-feldspar 
system seems more thermally resistant than the fission-track zircon system 
in the case of a seco ndary thermal effect, and 2) the closure temperature of 
zircon fission-track system seems to be higher than that previously 
determined from geological data. 
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The outline of the study 
'· . ~ 1 
1. Introduction 
Our present fossil fuel resources are incapable of sustaining our needs 
for more than perhaps a few tens of decades unaided by new sources of 
energy and by drastic conservation measures (Armstead and Tester, 1987). 
\Vith the exception of hydro-power, geothermal energy would at present 
s ~eem to be capable of giving quicker relief than any of the other available 
resources (e. g. solar, tidal, wind and wave power) to the pressures on our 
reducing fuel supplies; we must lose no time in grasping the rewards it can 
offer (Armstead, 1983). In geothermal energy, hot dry rock (HDR) will be 
by far the most important resource partly because of its immensity and 
ubiquity and partly because its exploitation requires only the modest 
improvement of existing technology (Armstead and Tester, 1987). However, 
it has not yet been proved that a H DR system can produce energy at today' s 
competitive price. One of many essential problems to establish HDR is to 
clarify the geological background, especially the thermal history, of a 
geothermal area where HDR will be operated. 
In this thesis three active geothermal areas are studied: the North 
Kurikoma and the Hijiori geothermal areas, northeast Japan, and Valles 
caldera, New Mexico, US A (Fig. 1). Research-or iented H DR systems have 
been engineered at Ogachi site in the North Kurikoma geothermal area by 
Central Research Institute of Electr ic Power Industry (CRIEPI), at Hijiori 
site in the Hijiori geothermal area by New Energy and Industrial Technology 
Development Organization (NEDO) and at Fenton Hill site near the Valles 
caldera by Los Alamos National Laboratory. 
This thesis consists of three parts. The first part, submitted to the 
Journal of Geophysical Research (Ito, H.), deals with the North Kurikoma 
geothermal area; the second part, submitted to Geology (Ito, H.), dea ls with 
the H ijiori geothermal area and the third part, published in the J ournal of 
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Fig. 1 The location maps and simplified geological maps of the study areas. 
a) North Kurikoma, b) Hijiori, c) Valles caldera. 
Volcanology and Geothermal Research (Ito and Tanaka, 1995), deals with 
the Valles caldera. 
2. Analytical method 
The fission-track dating method is applied throughout this study. It 
was first developed as a new dating method based on the natural decay by 
spontaneous fission of the 238u isotope (Price and Walker, 1963). It is 
distinct from the previously developed dating methods that involve the 
measurement of isotopic abundances by mass spectrometry, as ages are 
dletermined by counting fission tracks under a normal microscope. 
The fission-track method has been utilized for dating igneous, 
sedimentary and metamorphic rocks. It has been applied to dating volcanic 
and metamorphic events, tectonic uplift, mineral deposits, stratigraphic 
correlation and so on (Wagner and Van den haute, 1992). The technique has 
previously been applied to geothermal regions, as reported by some 
researchers (e.g. Nishimura et al., 1976; Naeser and Forbes, 1976; Tamanyu 
and Kasuya, 1983; Gutierrez-Negrin et al., 1984), where it has helped to 
constrain the thermal history of some geothermal areas and has contributed 
to the understanding of thermal properties of the fission-track system. 
It will be clarified in this study that, among many radiometric dating 
methods, the fission-track method can provide unique and essential 
information to constrain the thermal history of geothermal areas. There are 
several reasons for this. Firstly, the fission-track method has unique 
closure temperatures of 100-250 °C, i.e., -100 °C for apatite (Naeser and 
Faul, 1969; G 1eadow and Duddy, 1981; Green et al., 1989) and -240 °C 
for zircon (Hurford, 1986) over geologic time-scales. The temperature 
range is between that of the K-Ar dating system using biotite (Hurford, 
1986) and that of the ESR dating system (lkeya, 1983). Secondly, 
tc~mperature is by far the most dominant parameter that influences the 
fission-track dating system (Fleisher et al., 1965). Thirdly, because 
ilfldividual grain ages are obtained, it is easier to discriminate essential 
grains, i.e., grains originally contained in the rock, from detrital and/or 
contaminated grai ns. Thu s the fission-track dating method can be used for 
both boring-core and cuttings samp les, which should contain contaminated 
grains. Fourthly, the fission-track method can provide information 
constraining not only the time of cooling of a sample, but also its thermal 
history using the length distribution of spontaneous confined tracks 
(Gleadow et al., 1986; Ito et al., 1989). 
The technique to evaluate thermal history by the fission-track method 
As mentioned above, the fission-track method has a unique 
characteristic to evaluate thermal history by the use of track length data. 
Here, the technique to evaluate thermal history by the fission-track length 
data is briefly outlined. 
Fission tracks originally have almost constant length of- 11 Jlm in 
zircon ( Yamada et al., 1995) and -16 Jlm in apatite (G lead ow et a!., 1986) 
when they are properly etched. They are thermally unstable above a certain 
temperature and the thermal property is recognized as in Fig. 2. In Fig. 
2., fission tracks are I ) stab le and length reduction does not occur in the 
track stability zone (TSZ), 2) unstable and length reduction occurs in the 
partial annealing zone (PAZ), and 3) unstable and tracks disappear after 
their formation in the total annealing zone (TAZ). It is apparent that the 
degree of track length reduction depends on the temperature and heating 
duration as s hown in Fig. 2. 
The track length distribution patterns should be classified as follows 
according to the following hypothetical thermal histories that will be closely 
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Fig. 2 Time-temperature relations for fission track reduction in a) apatite (modified 
from Gleadow and Duddy, 1981), and b) zircon (modified from Fig. 4. (b) in Yamada 
et: aL, 1995). 
TAZ: total annealing zone, PAZ: partial annealing zone, TSZ: total s tability zone. Track 
density reduction ratio in a) and track length reduction ratio in b) are shown in 
percentage, where 100% means non-annealing and 0% means total annealing. 
G 
a) Case I: rapid cooling 
Original track length 
c) Case 2-2: old reheating to PAZ 
e) Case 4: gradual cooling 
b) Case 2-1: recent reheating to PAZ 
d) Case 3: reheating to TAZ followed 
by rapid cooling 
TRACK LENGTH 
Fig. 3 Some schematic fission track length distribution patterns for different cooling 
histories. 
PAZ: partial annealing zone, TAZ: total annealing zone 
Case 1: if a rock cooled immediately after its formation and its 
temperature has been kept in the TSZ, the distribution of track length should 
bte narrow with the mean track length which is essentially equal to the 
original track length (Fig. 3 a). This track length distribution pattern is 
observed in some volcanic rocks (Gleadow eta!., 1986). The fission-track 
age shou ld show the time when the rock was formed. 
Case 2: if a rock that cooled immediately after its formation 
experienced a thermal event that raised its temperature to the PAZ s hould 
slhow the following two patterns: I ) all tracks are shorter than the original 
length and hence a broad unimodal distribution is observed when the thermal 
event was recent enough not to produce later unannealed tracks to a certain 
amount (Fig. 3 b), 2) some tracks are shorter than the original length and 
others are essentially the same with the original length and hence a bimodal 
distribution is observed when the thermal event was old enough to produce 
later unannealed tracks to a certain amount (Fig. 3 c). The fission-track age 
s hould show sometime between the time when the rock was formed and the 
time of the thermal event. 
Case 3: if a rock that cooled immediately after its formation 
experienced a thermal event that raised its temperature to the TAZ and then 
followed by a rapid cooling s hould show a narrow distribution whose mean 
track length is essentially equal to the o riginal track length (Fig. 3 d). In 
this case, although the track length distribution shows essentially the same 
pattern with that of case I , its age should s how the time of the thermal 
event. 
Case 4: if a rock cooled gradually after its formation and has been kept 
in the TSZ, the distribution of track length should be negatively s kew ed, 
with a mean track length s horte r than the original length (Fig. 3 e). Thi s 
track length distribution pattern is observed in some granitic rocks (Gleadow 
et al., 1986). The fission-track age is regarded to be the time when the rock 
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cooled below a certain temperature in the PAZ. This temperature cor res ponds 
with the closure temperature of the fission-track system and is usually 
assigned to the temperature at which 50 % of the fission track is retained 
(Dodson, 1979). 
3. Co ns traints o n th e the rmal hi sto ry of three ac ti ve geo th e rm al 
areas by th e f iss io n-trac k anal yses 
In this thesis, the thermal history of three active geothermal areas, the 
North Kurikoma and the Hijiori geothermal areas and the Valles caldera, are 
examined using fission-track ana lyses. 
In these geothermal areas, the following similar characteristics are 
observed: (I) hyd rothermal manifestations, such as hot springs and 
fumaroles are observed; (2) the present geothermal gradient is abnormally 
high; (3) there is underlying granitic basement; (4) recent felsic volcanic 
activity formed a caldera; and (5) felsic volcanic activities have 
intermittently continued for at least a few million years. 
The following differences are also observed: (I) the dimensions of the 
caldera a rc -25 km for the ass u med Ogachi caldera (Takeno, 1988) in the 
North Kurikoma geothermal area, -2 km for the H ij iori caldera and -20 km 
for the Valles caldera; (2) the caldera-forming volcanic activity occu r red at 
--2 Ma for the North Kurikoma as determined in this study, -10,000 years 
ago fo r the II ijiori (U i et al., 1973) and at - I Ma for the Val les caldera 
(Gardner et al., 1986; Self et al., 1986: Spell et al., 1990). 
Through this study, the fo llowing const raints on the thermal history of 
each geothermal area are obtained. 
The North K urikoma geothermal area 
( l) The zircon fission-track age of the Torageyama Formation was 
determined as -2 Ma using dacite core samples of a 400 m deep bore-hole 
drilled at Akinomiya. Although this age was younger than most of the ages 
previously determined by K -Ar and fission-track dating methods, it was not 
an apparently young age caused by thermal annealing. This was ascertained 
by evaluating the thermal effect on detrital zircons involved in the dacite. 
Thus the caldera-forming felsic volcanic eruption was assumed to have 
occurred at -2 Ma. 
(2) Both zircon and apatite fission-track ages were determined on 
granitic rocks at four localities (Fig. 4). A weighted mean zircon fission-
tJrack age of 31.2 ± 3. 9 Ma was obtained from mylonitized granodiorite -500 
- 1000 min depth at Ogachi, where the present temperature is 142- 225 °C. 
This age is assumed to have been thermally reduced by the volcanic activity 
at -2 Ma. The thermal effect on the zircon fission-track sys tem was 
estimated almost equivalent within the depth of -500 - I 000 mat Ogachi, 
which supposedly due to some lateral heat sou rce , such as hot fluids and/or 
dykes. 
(3) The zero age by the apatite fission-track method indicates that the 
temperature of the granodiorite -580 m in depth at Ogachi has been kept at 
-140 °C for -2 million years unless the temperature exceeded -140 °C at 
some time since -2 Ma. 
(4) The fission-track ages of the sporadically distributed Neogene 
iJntrusive rocks were determined as -22 Ma at two different localities (Fig. 
4 ). A K-Ar age previously determined at another locality is concordant with 
the fission-track ages (Fig. 4). Thus it was clarified that a contemporaneous 
intrusion episode occurred at -22 Ma in this area. 
(5) Granitic rocks east and west of the Onikobe- Yuzawa Mylonite 
Zone near the northern border of the Ogachi caldera were dated using zircon 
as 95.5 ± 6.6 Ma and 78.1 ± 5.2 Ma respectively, which are assumed little 
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Fig. 4 Simplified geological map of the Kurikoma geothermal area (modified from 
Satsada, 1984, 1988) with the radiometric ages of mainly granitic rocks determined 
previously and in this study. 
K·Ar ages are from Kawano and Ueda (1966), Sasada (1984, 1985, 1988) and 
Kuriyama (1985) and fission-track ages are from this study. The position of calderas 
is estimated from Takeno (1988) for the Ogachi caldera and Yamada (1988) for the 
Onikobe caldera. 
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thermally affected. The corresponding apatite ages were 1. 5 ± 0. 8 Ma and 
22.8 ± 3.4 Ma respectively (Fig. 4). The former apatite age should reflect 
the felsic volcanic activity and the latter apatite age should reflect the 
intrusion episode. 
(6) The thermal histories of some igneous rocks exposed in the region 
have been estimated by radiometric dating methods applied previously and in 
this study (Fig. 5). 
The Hijiori geothermal area 
(l) Samples obtained from granodiorite in the 2. 2 km deep bore-hole 
HDR-1, which was drilled in the Hijiori caldera (Fig. lb), yield three 
thermally reduced zircon fission-track ages of 48-35 Ma and track length 
data from two samples exhibit the reduced track length of 63-70 %. The 
present temperatures at the sampling depths are -240-270 °C (Fig. 6). 
(2) Apatite fission-track analyses of the bore-hole samples yielded 
zc~ro ages, which are well explained by the previously reported annealing 
experiment (Gieadow and Duddy, 1981 ). 
(3) The thermal effect on the zircon fission-track system was larger at 
1500 m depth than at 2170 m depth, as the fission tracks in the former 
sample are more reduced than those in the latter sample. This is probably 
because the granodiorite at 1500 m depth is near the contact with the 
overlying Miocene deposits, and therefore should have been more 
susceptible to thermal fluids than the sample from 2170 m depth (Fig. 6). 
( 4) The small proportion of non -annealed fission tracks in the bore-
hole sample zircons should indicate that the Holocene thermal effect was 
large enough to reduce fission tracks in zircon. 
(5) A thermally reduced zircon fission-track age of 76.0 ± 2.6 Ma and 
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Fig. 5 Thermal history of some igneous rocks that are exposed in the North Kurikoma 
geothermal area. 
OYMZ: Onikobe-Yuzawa Mylonite Zone, P: Pliocene, Q: Quaternary. 
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Fig. 6 A geological cross section of the Hijiori geothermal area (modified from NEDO, 
1983) with the fission-track dating results (this study), the K-Ar dating results 
(Matsunaga et al., 1993) and the static temperature measurement results. 
A-B line corresponds to that in Fig. lb. Hj--Hijiori pyroclastic flow deposits (Holocene); 
Ks--Kusanagi Fm (Late Miocene); Ok--Okura silicious tuff Fm (Middle Miocene); Tk--
Tsunokawa Fm (Middle Miocene); As--Aosawa Fm (Middle Miocene); Ty-
Tachiyazawa Fm (Middle Miocene); Gs-Gassan Fm (Early Miocene); Kgr--Kodake 
granodiorite (Pre-Tertiary); Rl--Rhyolite and liparite; Bd--basalt and dolerite. 
s::1mple of the granodiorite which was collected outside of the H ijiori 
caldera. 
(6) Cooling curves of the granodiorite beneath and outside of the 
H ijiori caldera were estimated using the radiometric ages determined 
previously (Matsunaga et al., 1993) and in this study (Fig. 7). It was 
concluded that the granodiorite outside of the caldera cooled below -l 00 °C 
a 't 4. 3 ± 0. 9 Ma (cooling curve B in Fig. 7), whereas the one I. 5 - 2. 2 km 
deep in the caldera has experienced almost constant temperature of -240 -
270 °C since -10,000 years ago (cooling curve A in Fig. 7). 
The Valles caldera 
Using the l. 76 km deep bore-hole YC-28, which was drilled in the 
Valles caldera (Fig. lc), the following are obtained: 
(l) The zircon fission-track ages from the Permian Abo Formation to 
Precambrian quartz monzonite indicated partially annealed ages of about 
450-600 Ma (Fig. 8). Although the zircons were obtained from Permian 
strata, they probably originated from Precambrian rocks. 
(2) The fact that there is no correlation between zircon ages and 
sampling depth is probably due to hot fluid flow and/or hot vein 
emplacement associated with recent volcanic activity. 
(3) The zircon fission-track ages from the Permian Yeso Formation 
indicate much younger ages than the Permian, the reason for which is 
Uinknown. These zircons seem to have come from different source areas 
because ages among zircon grains differ greatly (Fig. 8). 
In addition to the results associated with regional geology, the 
following results associated with the thermal properties of the fission-track 
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Fig. 7 Estimated cooling curves of the granodiorite beneath and outside of the Hijiori 
caldtera. 
The cooling curve A is that of the granodiorite which is 1.5- 2.2 km in depth at the 
Hijiori caldera. The cooling curve B is that of the granodiorite which is exposed -4 km 
south of the Hijiori caldera. The closure temperatures of K-Ar biotite, K-Ar K-feldspar, 
FT zircon and FT apatite are assumed to be -300 °C, -240 °C, -240 oc and -100 °C, 
respectively (Hurford, 1986; Green et al., 1989). FT zircon ages are reduced ages 
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Fig. 8 Summarized geologic log for VC-2B core hole (modified from Hulen and 
Gardner, 1989) with zircon fission-track dating results. 
Is--landslide debris; cf--caldera-fill clastic rocks; bx--hydrothermal breccia and 
dlacite porphyry; Ts--Tshirege Member of Bandelier Tuff; S3-S3 clastic deposits; 
Ot--Dtowi Member of Bandelier Tuff; LT--Lower Tuffs; SF--Santa Fe Group 
sandstone; Py--Permian Yeso Fm; Pa--Permian Abo Fm; Pm-Penn. Madera 
Limestone; Ps--Penn. Sandia Fm; PC--Precambrian quartz monzonite. 
j 'j' 
( 1) Comparing the zircon fission-track dating results with the K-Ar 
dating ones of the HDR-1 bore-hole, the K-Ar K-feldspar system seems 
more thermally resistant than the fission-track zircon system where a 
secondary thermal effect is present. 
(2) The closure temperature of the zircon fission-track system implied 
from the results of the VC-28 bore-hole, seems to be higher than that 
previously determined from geological data (Brandon and Vance, 1992). 
Finally, it is noticeable that non-correlation between zircon ages and 
sampling depth is observed in all three geothermal areas. This indicates that 
s orne lateral heat flow, possibly by hot fluid flow and/or hot vein 
e:mplacements, played an important role in reducing the zircon fission-track 
ages although, at present, thermal conduction is predominant at the sampling 
depths in these areas. 
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Part 1 
Constraints on the thermal history of the North 
Kurikoma geothermal area, northeast Japan: a fission-
track study 
AJBSTRACT 
Fission-track analyses were performed on granitic rocks and Neogene 
dacite rocks in order to constrain the thermal history of the North Kurikoma 
geothermal area. Zircon fission-track ages from four dacite samples were 
de:termined as -2 Ma. This age was assumed to show the eruption age 
be:cause the geothermal effect on detrital zircons included in the dacite was 
thought to be small. Thus the caldera-forming felsic volcanic activity is 
assumed to have occurred -2 Ma. 
Six zircon fission-track ages and three apatite fission-track ages were 
determined on the granitic rocks. Track length measurements were also 
ca.rried out on zircon. The granodiorite -500 - I 000 m beneath the Ogach i 
caldera, where the present temperatures are from 142 °C to 225 °C, yielded a 
weighted mean zircon fission-track age of 31.2 ± 3. 9 Ma, which is assumed 
to have been thermally reduced by the volcanic activity of -2 Ma. The almost 
equivalent thermal effect on the zircon fission-track system within the depth 
olf -500- I 000 m of the granodiorite was supposed ly due to some lateral 
heat source, such as hot fluids and/or dykes. 
One of Neogene felsic intrusive rocks was dated as -22 Ma by both 
zircon and apatite fission-track methods. Therefo re the intrusion is assumed 
to have occurred at approximately 22 Main the North Kurikoma geothermal 
area. 
Granitic rocks cast and west of the Onikobe- Yuzawa Mylonite Zone 
near the northern border of the Ogachi caldera were dated by the z ircon 
fission-track method as 95.5 ± 6.6 Ma and 78.1 ± 5.2 Ma respectively, 
which are thought to have experienced very littl e thermal overprinting. The 
cor res pond ing apatite ages were I. 5 ± 0. 8 Ma and 22. 8 ± 3. 4 Ma 
respectively. The former apatite age should reflect the felsic volcanic activity 
and the latter apatite age should reflect the intrusion episode. 
2tJ 
1. Introduction 
Geothermal energy is regarded as an important and promising 
alternative to fossil fuel energy. In order to utilize geothermal energy much 
more efficiently, a hot dry rock (HDR) geothermal energy concept was 
introduced. The HDR concept, which was proposed almost 20 years ago by 
researchers at the Los Alamos National Laboratory in the U.S.A. (Smith et 
al., 1973 ), involves extracting thermal energy from rock that is hot but does 
not contain sufficient natural fluids for conventional geothermal 
development. Research-oriented HDR systems have been engineered in the 
U.S. A. (Fenton Hill), Western Europe (Cornwall), and Japan (H ijiori, 
Ogachi, Iidate), but whether such systems can produce energy at competitive 
prices remains to be proven by further testing of these systems or their next 
generation (Stimac, 1993). 
One of many essential requirements for establishing the HDR system 
is the need to elucidate the thermal history of the studied area. In order to 
accomplish this objective, radiometric age determinations can provide useful 
information (Takashima et al., 1987; WoldeGabriel and Goff, 1989, 1992; 
Ito, 1993). 
Among many radiometric dating methods, the fission-track method can 
provide unique and essential information on the thermal history evaluation 
for the development of the HDR system. This is because the fission-track 
method has a unique closure temperature of 100-250 °C, i.e., -100 oc in 
apatite (Naeser and Faul, 1969; Gleadow and Duddy, 1981; Green et at, 
1989) and -240 °C (Hurford , 1986) for zircon, over geological time-scales. 
The temperature range is between that of the K-Ar dating system using 
biotite (Hurford, 1986) and that of ESR dating system (lkeya, 1983). 
Central Research Institute of Electric Power Ind ustry (CRIEPI) 
initiated the HDR project in 1986. At first, the institute drilled two 400 m 
bore-holes at the Akinomiya site, northeast Japan ( Fig. I ) . The in s titute then 
drilled two 1000 m bore-holes at the Ogachi site (Fig. 1), -3 km northeast of 
the Akinomiya site (Hori et al., 1994 ). Both Akinomiya and Ogachi sites are 
situated in the North Kurikoma geothermal area (Kimbara , 1988). 
In order to make some contribu tions for the CR IEPJ 's HDR project, 
the fission-track method was applied. The main purposes are: 1) to date the 
Neogene volcanic rocks distributed at the North Kurikoma geothermal area; 
2) to make some constraints on the thermal history of grani ti c rocks 
d iistributed at the North Kurikoma geothermal area; and finally 3) to make 
some constraints on the thermal history of the North Kurikoma geothermal 
area. 
2. Geological setting 
G' eneral 
The North Kurikoma geothermal area , which is a part of the Kurikoma 
geothermal area (Fig. I), is situated in the southern - most part of Akita 
prefecture, northeast J apan. This area has been regarded as a promising 
geothermal area because geothermal alteration zones are widely developed in 
and around hot spr ings (e . g. Oyasu, Doroyu and Akinomiya hot springs) a nd 
solfatara in this area (Kimbara, 1988). 
According to Yamada et al. ( 1985), four almost independent 
geothermal areas are distributed in the Kurik oma geothermal region. Each of 
tlhem is around Late Quaternary volcanoes, namely the Onikobe caldera, the 
l'Jarugo volcano, the Takamatsudake volcano and the Kurikomayama 
volcano. The North Kurikoma geothermal area mentioned here corresponds 
to the geothermal area distributed around the Takamatsudake volcano. Most 






[~ Mainly Neogene and Quaternary volcanic rocks 
~!!! Neogene intrusive rocks 
[;~ Pre-Tertiary granitic rocks 
~ill Pre-Tertiary mylonite 
~~ Pre-Tertiary metamorphic rocks 
.:.:·.:',.::· Onikobe-Yuzawa Mylonite Zone 
1 ,, / Caldera 
-·, 




A Mt. Kunkoma 
0 5 10km 
Pig. 1 Simplified geological map of the Kurikoma geothermal area (modified from 
Sasada, 1984, 1988). 
The position of calderas is estimated from Takeno (1988) for the Ogachi caldera 
and Yamada (1988) for the Onikobe caldera. 
Quaternary felsic volcanic rocks together with pre-Neogene basement rocks 
(Fig. 1). 
There is a distinctive structural feature that shows NNW- SSE faults 
in this area. This structural feature corresponds to that of the "Matsushima-
H onsho" tectonic zone (Oide and Onuma, 1960). Gravity anomaly data 
indicate that these NNW- SSE faults are boundaries of uplifted and 
subsided zones of basement rocks (Kuriyama, 1985). A mylonite zone, the 
"Onikobe- Yuzawa Mylonite Zone", is also distributed in the NNW trend 
(Sasada, 1984, 1985, 1988) in this area. 
The geology of this area is briefly described as follows. 
Basement rocks of Pre-Tertiary ages 
The Onikobe- Yuzawa Mylonite Zone, -45 km long and -2 km wide, is 
s.ituated in the middle of the North Kurikoma geothermal area (Sasada, 
1988). It is assumed that the mylonitization occurred along the tectonic weak 
z·one under the temperature and pressure conditions of amphibolite facies 
during the Late Cretaceous (Sasada, 1984, 1988). 
Pre-Tertiary basement rocks are distributed on both sides of the 
Onikobe- Yuzawa Mylonite Zone (Fig. 1 ). The basement rocks show different 
characteristics on both sides of the mylonite zone (Sasada, 1985). 
Granitic and metamorphic rocks are widely distributed west of the 
mylonite zone. The granitic rocks are quartz gabbro, quartz diorite, tonalite, 
granodiorite and granite. Some of them are well foliated. They yield K-Ar 
ages of 94- 97 Ma, with the exception of some younger ages that seem to 
have been thermally affected (Sasada, 1988). Sasada ( 1985) assumed that a 
young age (35. 1 Ma) obtained from the granitic rocks was caused by the 
thermal effect of Neogene intrusives. Sasada ( 1985) recognized these 
basement rocks as constituents of the Abukuma Belt. 
Granitic rocks, pre-Tertiary sedimentary rocks, metamorphic rocks 
and serpentinite are sporadically distributed east of the mylonite zone. Most 
of the granitic rocks are tonalite. The granitic rocks yield K-Ar ages of 87-
110 Ma (Sasada, 1988) except the one on the southern flank of Mt. 
Yakeishi-dake, which was dated as 244 Ma (Sasada, 1985). Sasada (1985) 
recognized these basement rocks as constituents of the Kitakami Belt. 
Neogene intrusives 
Intrusive bodies are exposed on both sides of the Onikobe- Yuzawa 
Mylonite Zone. A large intrusive body, called the Daiyama quartz diorite, is 
e~ xposed west of the Pre-Tertiary granitic rocks of Mt. Kamuro (Fig. 1). The 
intrusive body clearly cuts the Nozoki Formation, which is the lowermost 
formation of the Neogene volcanic rocks and is assumed to have been 
deposited in the Early Miocene (Ozawa and S umi, 1961). Many small 
intrusives are also recognized east of the mylonite zone (Sasada, 1985). 
Volcanic rocks of Miocene to Quaternary ages 
In the North Kurikoma geothermal area, thick felsic tuffs erupted 
during Neogene to Quaternary times and are widely distributed (Fig. 1, 2). 
The Neogene felsic tuffs are called the Torageyama Formation and the 
Sanzugawa Formation in ascending order (Takeno, 1988). They are 
distributed mainly along the NW-SE trend of a low gravity anomaly 
(Ohguchi, 1974), overlying Neogene pre-felsic volcanics and sediments. The 
Quaternary volcanic rocks are the Kabutoyama Formation and the 
Takamatsudake volcanic rocks in ascending order (Nishimura et al., 1976; 
Taniguchi et al., 1978; Kuriyama, 1985). 
The Torageyama Formation is a thick (> 1, 100 m) pile of felsic 
volcanic rocks, comprising biotite dacite tuff which is partly welded. It is 
divided into three members: the Minasegawa Tuff Member, The Oyu Welded 
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Fig. 2 Geological cross section of the North Kurikoma geothermal area (modified 
from Takeno, 1988). 
A-B line corresponds to that in Fig. l.Td--Takamatsudake Dacite (Quaternary); 
Tft:--Torageyama Tuff Member of Torageyama Fm. (Neogene); Tfm--Minasegawa 
Tuff Member of Torageyama Fm. (Neogene). 
Tuff Member and the Torageyama Tuff Member (Takeno, 1988). The 
Minasegawa Tuff Member is pumiceous dacite tuff with quartz, 
unconformably overlying Neogene pre-felsic volcanics and conformably 
underlying the Torageyama Formation. The Oyu Welded Tuff Member is 
dacite welded tuff that characteristically contains orthopyroxene. It is 
recognized regionally as being intercalated with the Minasegawa tuff 
Member. The Torageyama Tuff Member is pumiceous dacite tuff with quartz 
and biotite, which is partly welded. 
The Sanzugawa Formation is a lake deposit with a thick pile of 
volcanic rocks (Takeno, 1988) and it fills a collapsed basin. This collapse 
structure is recognized as a caldera called the "Ogachi caldera" (Fig. 1) 
(Takeno, 1988). Takeno ( 1988) recognized that the caldera-forming volcanic 
activity produced most of the felsic tuff of the Torageyama Formation and 
was immediately followed by deposition of the Sanzugawa Formation in the 
caldera lake. 
Many zircon fission-track and K-Ar dates have been reported for the 
Neogene volcanic rocks (Nishimura et al., 1976; Konda and Ueda, 1980; 
Yamada, 1981; Kuriyama, 1985; Takeno, 1988; Sakaguchi and Yamada, 
1988). The previously determined radiometric ages are listed in Table I. At 
present, those results are somewhat confusing, as mentioned below. 
The Torageyama Formation was assumed to have been deposited 
during the Middle- Late Miocene because the lacustrine Sanzugawa 
Formation was thought to have been deposited in the Late Miocene based on 
fossil flora (Kato and Shimada, 1953; Muto, 1965). Kuriyama ( 1985) 
determined some zircon fission-track ages of 3.0- 16.4 Ma for the 
Minasegawa Formation, which corresponds to the Torageyama Formation of 
Takeno ( 1988). He assumed the young age (3 - 6 Ma) of this formation was 
due to the annealing effect of the zircon fission-track system. On the other 
hand, Nishimura et al. (1976) dated the Oyu Welded Tuff Member as 2.1 Ma 
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Table 1. Previously determined ages of the Neogene and Quaternary 
volcanic rocks at the North Kurikoma geothermal area. 
St.Jratigraphy Dating method Rock type Age(Ma) Reference 
Minasegawa Fm. FT(Zr) dacite tuff 11.6± 1.3 Kuriyama ( 1985) 
Minascgawa Fm. FT(Zr) dacite lapilli tuff 16.4± 1.8 Kuriyama (1985) 
Minasegawa Fm. FT(Zr) dacite 3.3±0.6 Kuriyama (1985) 
Minasegawa Fm. FT(Zr) dacite 9.8±0.7 Kuriyama (1985) 
Minasegawa Fm. FT(Zr) dacite welded tuff 5.6±0.9 Kuriyama (1985) 
Minasegawa Fm. FT(Zr) dacite tuff 5.9± 1.0 Kuriyama (1985) 
Minasegawa Fm. FT(Zr) dacite welded tuff 3.5±0.7 Kuriyama ( 1985) 
Minasegawa Fm. FT(Zr) dacite tuff 3.0±0.7 Kuriyama ( 1985) 
Toragcyama Fm. K-Ar(WR) welded tuff 4.6± 1.2 Yamada (1981) 
Torageyama Fm. K-Ar(WR) welded tuff 4.8±0.2 Yamada (1981) 
Torageyama Fm. K-Ar(WR) dacite tuff 6.0±0.8 Takeno (1988) 
Minasegawa Tuff M. 
Toragcyama Fm. K-Ar(WR) pumice tuff 5.7± 1.4 Takcno (1988) 
Minascgawa Tuff M. 
Torageyama Fm. FT(Zr) dacite welded tuff 2.1 Nishimura et al. (1976) 
Oyu Welded Tuff M. 
Torageyama Fm. K-Ar(WR) dacite tuff 4.0±0.3 Takeno (1988) 
Torageyama Tuff M. 
Torageyama Fm. K-Ar(WR) dacite tuff 3.81 0.2 Takcno (1988) 
Torageyama Tuff M. 
Torageyama Fm. K-Ar(WR) dacite tuff 3.6±0.2 Takeno (1988) 
Toragcyama Tuff M. 
Torageyama Fm. K-Ar(WR) dacite tuff 3.5±0.5 Takeno (1988) 
Torageyama Tuff M. 
Torageyama Fm. K-Ar(WR) dacite tuff 3.4± 1.1 Takeno (1988) 
Torageyama Tuff M. 
Toragcyama Fm. K-Ar(WR) dacite tuff 2.8±0.5 Takcno (1988) 
1rorageyama Tuff M. 
Sanzugawa Fm. K-Ar(WR) welded tuff 7.7 Konda and Ucda ( 1980) 
Sanzugawa Fm. FT(Zr) sandy tuff 6.3±0.6 Kuriyama (1985) 
Sanzugawa Fm. FT(Zr) sandy tuff 6.4±0.7 Kuriyama (1985) 
Kabutoyama Fm. FT(Zr) dacite welded tuff 0.32 Nishimura et al. (1976) 
Kabutoyama Fm. FT(Zr) dacite welded tuff 0.34 Nishimura et al. (1976) 
K;abutoyama Fm. K-Ar(WR) dacite welded tuff 0.5±0.3 Sakaguchi and Yamada (1988) 
K:abutoyama Fm. K-Ar(WR) dacite welded tuff 0.6±0.5 Sakaguchi and Yamada ( 1988) 
Takamatsudake FT(Zr) andesite lava 0.2 Nishimura et al. (1976) 
volcanic rocks 
Takamatsudake FT(Zr) dacite 1.0±0.2 Kuriyama (1985) 
volcanic rocks 
FT(Zr): fission-track method using zircon, K-Ar(WR): K-Ar method using whole rock. 
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using the zircon fission-track method. They mentioned the contradiction of 
the fission-track age and the stratigraphy based on fossil flora. Takeno 
( 1988) dated the Torageyama Formation using the K-Ar whole rock method 
as. 5 - 6 Ma for the Minasegawa Tuff member and 3 - 4 Ma for the 
Toragey ama Tuff Member. Yamada ( 1981) dated the Toragey am a Formation 
as -4.7 Ma using the K-Ar whole rock method. 
Konda and Ueda (1980) determined a K-Ar whole rock age of 7. 7 Ma 
for the Sanzugawa Formation and Kuriyama ( 1985) determined two zircon 
fission-track ages of 6.3 ± 0.6 Ma and 6.4 ± 0.7 Ma using sandy tuff. These 
ages contradict the young ages (2 - 5 Ma) of the Torageyama Formation 
d1etermined by Nishimura et al. (1976), Yamada (1981) and Takeno (1988). 
As for the Quaternary volcanic rocks, the daciric Kaburoyama 
Formation was dated as -0.33 Ma by the fission-track method (Nishimura et 
al., 1976) and 0. 5 - 0. 6 Ma by the K-Ar whole rock method (Sakaguchi and 
Yamada, 1988). The dacitic Takamatsudake volcanic rocks were dated as 0. 2 
- 1.0 Ma by the fission-track method (Nishimura et al., 1976; Kuriyama, 
1985). Takashima and Honda ( 1988) determined some TL ages of alte red 
rocks in this area and obtained some ages > 0. 3 Ma, together with ages < 
0. 3 Ma, which they assumed to be the ages likely to be found in a 
geothermally hopeful area. Some 14c ages of talus deposits confirmed that 
geothermal activity continued up to at least 7, 350 ± 140 years ago in the 
North Kurikoma geothermal area. (Taniguchi et al., 1978). 
3. Ex pe rim e nta l methods 
Sampling 
Fission-track analyses were carried out mainly on Neogene volcanic 
wcks and pre-Tertiary granitic rocks. 
The Neogene volcanic rocks were obtained from a 400 m deep bore-
hole drilled by CRIEPI at the Akinomiya site (Fig. I). The lithology and 
sampling points of the bore- hole are shown in Fig. 3. Dacite tuff samples at 
217 m, 250 m, 300 m, 350 m and 387 m in depth were collected and named 
as AKI 1, AKI2, AKI3, AKI4 and AKI5 respectively. Samples are all drilling 
c·ore samples and the present temperatures of all the samples were measured 
as less than 50 °C. Some thin sections of the samples were prepared and 
observed. All samples were similar in that they contain abundant quartz, 
plagioclase, various kinds of lithic fragments and opaque minerals. 
Plagioclase is mostly altered to carbonates. According to Takeno ( 1988), all 
of the samples correspond to the Minasegawa tuff Member of the 
Toragey ama Formation. 
The pre-Tertiary granodiorite was obtained from a 1000 m deep bore-
hole drilled by CRIEPI at the Ogachi site, -3 km northeast of the Akinomiya 
site (Fig. 1). The granodiorite of the bore-hole is situated in the Ogachi 
caldera (Takeno, 1988) and also in the Onikobe- Yuzawa Mylonite Zone of 
Sasada ( 1984, 1988). The lithology and sampling points of the bore-hole are 
shown in Fig. 4 with a static temperature measurement result. The bore-hole 
was drilled for an injection well of the HDR project, and reached -230 °C at 
the bottom. The temperature increases linearly with depth and the geothermal 
gradient is -21 °C/ I 00 m. Samples at 58 I m, 781 m and 98 I m in depth were 
collected and named as OG I, OG2 and OG3 respectively. All of the samples 
are drilling core samples. From the observation of the bore-hole core (500-
1000 min depth), the granodiorite shows a distinct foliation. From the 
microscopic observation of some thin sections, fine-grained and 
recrystallized aggregates of quartz (mortar structure) are observed. 
Plagioclase is partly sericitized. Mafic minerals are altered to chlorite. At 
greater depths, quartz gradually becomes more fine grained and shows 
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Fig. 4 Columnar section of the 1,000 m bore-hole drilled at the Ogachi site and 
satmpling points with a static temperature measurement result (modified from 
Kondo, 1994). 
Core samples were taken between 500 and 1000 min depth, so data regarding 
fracture zones and dyke emplacements were obtained in this section. 
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porphyroclastic texture together with feldspar (Kondo, 1994). Thus it seems 
the mylonitization was more severe at greater depths (Kondo, 1994). 
In order to compare the thermal history of the granodiorite that is 
underground and hot with that of the granitic rocks that are exposed and 
cool, four outcrop samples were collected. They were obtained at 
Akakurabashi, Kobuchigasawa, Mitsuseki and Urinnai (Fig. 1). Only the 
Urinnai sample is located east of the mylonite zone. The microscopic 
observation of these rocks are as follows. The granitic rock at Akakurabashi 
contains recrystallized quartz, partly sericitized plagioclase and chloritized 
mafic minerals. Fine-grained and elongated quartz aggregates are less 
common in this sample than those in the Ogachi sample. The Kobuchigasawa 
sample, which was severely weathered in outcrop, shows a porphyritic 
texture with quartz and unaltered plagioclase phenocrysts. Thus it was later 
necognized as a Neogene felsic intrusive rock. The granitic rock at Mitsuseki 
contains quartz, unaltered plagioclase and mafic minerals. The granitic rock 
at Urinnai contains quartz, unaltered plagioclase and biotite. 
Laboratory procedures 
Zircons and apatites were obtained through conventional mineral 
separation techniques including both magnetic and heavy liquid separations. 
In this study, some fission track analyses were carried out at CRIEPI, and 
the others were carried out at LaTrobe University, Australia. 
Laboratory procedures at CR I EPI 
I. A sample (some pieces of rock with a total weight of 3 - 4 kg) is 
trimmed by a rock trimmer to fragments of -3 em in dimension and crushed 
into powder by a jaw crusher. 
2. The sample is sieved through 60# (250 J..lm) mesh under water and 
grains smaller than 250 J..lm are collected . 
I)~ 
01 
3. Light minerals are washed away by panning. 
4. The sample is sieved through 200# (74 Jlm) mesh under water and 
grains larger than 74 Jlm are collected. 
5. After drying the sample at 60 °C, ferromagnetic minerals are 
removed by a hand-magnet. 
6. Magnetic minerals, such as biotite, hornblende and pyroxene etc., 
are removed by an isodynamic separator. 
7. Heavy minerals are separated by bromoform (sp. gr. = 2.87 
g;/cm3). 
8. Heavier minerals (commonly zircons) are separated from lighter 
minerals (commonly apatite) by diiodomethane (sp. gr. = 3. 33 g/cm3). 
9. If minerals other than zircons are included in the heavy fraction, 
they are bathed in HF (47%) overnight at room temperature, and when 
pyrites in particular are included, they are bathed in HN03 (60%) overnight 
at room temperature to disso lve those minerals. 
10. Zircons are spread on a quartz glass slide, handpicked and 
arranged in an array of -7x7 under a binocular microscope and then mounted 
in PFA teflon sheet. Apatites are spread on a teflon slide, handpicked and 
arranged in an array of -I Ox I 0 under a binocular microscope and mounted 
using resin II PETROPOX Y 154 II at 120 °C for 5 min. 
II. Both zircon and apatite mounts are ground to a depth that assures 
4 1t geometry (-6 Jlm for zircon; -8 Jlm for apatite) using 6 Jlm diamond 
paste and are then polished by I Jlm diamond paste. 
12. Zircons are etched in NaOH:KOH (1:1) eutectic etchant (G leadow 
et al., 1976) at 225 °C for sufficient time (usually I 0-30 hours). The etch in g 
times are determined so that tracks parallel to the C axis of the grain are 
clearly observed. Apatites are etched in HN03 (0. 6%) at 25 °C for 2-2.5 
minutes. Age s tandard samples, which will be mentioned later in this 
section, are a lso treated the same way for the samples to be dated. 
13. A uranium free muscovite sheet (as an external detector) is 
attached to each mount of zircon, apatite and standard glass. As a standard 
glass, which is a uranium-bearing glass used to monitor neutron dose, NBS-
S RM 613 is used. The glass contains 37.4 ppm of uranium and a depleted 
235u ;23 8u ratio of 0. 2392 atom % . 
14. A bundle of samples to be dated, age standard samples and 
standard glasses for zircon dating are prepared and sent to Kyoto University 
Research Reactor (KUR) for neutron irradiation. Samples for apatite dating 
are also prepared the same way as for zircon dating and are sent to KUR for 
neutron irradiation. Samples for zircon dating are irradiated for 77 hours (or 
190 hours) at the 0 20 facility and samples for apatite dating are irradiated 
for 4 hours (or 90 min.) at the TcPn facility. The cadmium (Cd) ratio for Au 
o1f 02 0 is > 5000 and that of TcPn is 12 - 15 (T. Tagami, personal 
communication, 1992). 
15. Muscovites are etched in H F (47%) at 30 oc for 4.5 minutes. 
16. Tracks are counted and track lengths are measured under x 1000 
magnification (xI 0 eye-pieces, xI 00 dry objective) on a N ikon® Optiphot-
P OL optical microscope. Only grain surfaces of high etching efficiency, 
which can be easily recognized by the existence of sharp polish ing scratches 
(Gieadow, 1981), and those of optimal etching, which can be recognized by 
is.otropic angular distribution of etched tracks (Sumii et al., 1987), were 
selected for counting. 
17. Ages are determined using the external detector method (G lead ow, 
1981) and the zeta calib ration of Hurford and Green ( 1983) is adopted. More 
details of the age calculation and the zeta calibratio n will be mentioned later 
tn this section. 
18. Track lengths are measured through a micrometer scale fitted in 
one of the eye-pieces of the microscope. The precision of the measurement is 
-0.2!J.m. Only horizontally confined tracks (H CT's; Laslett et al., 1982), 
including both track-in-tracks and track-in-cleavages (TINT's and TINCLE' s 
respectively; Lal et at., 1969; Laslett et at., 1982) are selected. 
Laboratory procedures at LaTrobe University 
Laboratory procedures at LaTrobe University are essentially the same 
ats those at CRIEPI, but some different techniques are adopted. Here only 
different points are mentioned (The number of each procedure corresponds 
with that at CRIEP I. ) 
1. Samples are crushed by a jaw crusher and pulverized by a disc mill. 
7. Heavy minerals are separated by sodium polytungstate (SPT) (sp. 
gr. = 2. 85 g/cm3). 
10. Zircons are placed on a quartz glass plate and then mounted in 
PFA teflon sheet at -300 °C on a hotplate. Apatites arc placed on 
petrographic (27 x 45 mm) glass slides and then mounted using resin 
"PETROPOXY 154" at 120 oc for 5 min. on a hotplate. Zircons and apatites 
are not arranged, because a computer-automated microscope system, 
Autoscan system (Smith and Leigh-Jones, 1985), is used. 
11. Both zircon and apatite mounts are ground to a depth that assures 
4 1t geometry using carborundum paper (first 600# and then 1200#) on wet 
rotating laps and are then polished using 0. 3 ~m alumina on rotat ing laps. 
12. Zircons are etched in NaOH:KOH (1:1) eutectic etchant at 220-
240 oc for sufficient time (usually I 0-30 hours). The etching times are 
determined so that tracks parallel to the C axis of the grain are clearly 
observed. Apatites are etched in 5 N HN03 at room temperature for 20 
:seconds. Age standard samples are also treated the same way for the samp les 
to be dated. 
13. As a standard glass, Corning I (CN I) glass is used for zircon 
dating and S RM612 glass is used for apatite dating. The CN 1 glass con tains 
.j () 
-39 ppm of uranium and a natural 235u;238u ratio of 0. 7262 atom%. The 
SRM 612 glass has the same content as the SRM 613 glass. 
14. A bundle of samples to be dated, age standard samples and 
standard glasses for zircon dating are prepared and irradiated in the X-7 
position of the Australian Atomic Energy Commission's HIFAR reactor at 
Lucas Heights, N. S. W., Australia. This thermal neutron irradiation position 
has a cadmium ratio for gold activation of 125. Samples for apatite dating 
are also prepared and irradiated in the same way as for zircon dating. A 
neutron dose of -1 x lO 15 n cm-2 is used for zircon samples and -1 x I 016 
n. cm-2 is used for apatite samples. 
15. Muscovites are etched in HF (47%) at room temperature for 20-
25 minutes. 
16. Tracks are counted and track lengths are measured under x 1250 
magnification on a Zeiss® optical microscope. 
18. Track lengths are measured using a digitizing tablet int erfaced 
w ith the Autoscan system. The precision of measured track length is -0.2 
~Lm . 
Age calculation 
The fission-track age (T) is calculated by means of zeta calibration as 
follows ( Hurford and Green, 1983 ): 
where, 
;\.o =the total decay constant for 238u (1.551 x lQ-10 yr-1), 
Ps = spontaneous track density of 238u (tracks/cm2) for the sample to he 
dated, 
Pi= induced track density of 235u (tracks/cm2) for the sample to be dated, 
tl1 
Pd =induced track density of 235u (tracks/cm2) for the standard glass, 
g =a geometric factor (0.5 for internal surface grain, I for external surface 
grain), 
s = zeta calibration factor. 
The error of the fission-track age (crT) is calculated as follows: 
where, 
Ns =spontaneous track number of 238u (tracks/cm2) for the sample to be 
dated, 
N i = induced track number of 235 U (tracks/cm2) for the sample to be dated, 
No= induced track number of 235u (tracks/cm2) for the standard glass, 
CiS = error of the zeta value. 
Zeta calculation 
The zeta value is calculated as follows (Hurford and Green, 1983): 
where, 
TsTD = the age of the age standard sample, 
PsSTD = spontaneous track density of 238u (tracks/cm2) for the age 
s.tandard, 
PiSTD =induced track density of 235u (tracks/cm2) for the age s tand ard. 
tJ2 
The error of the zeta value is calculated as follows: 
where, 
N sSTD = spontaneous track number of 238u (tracks/cm2) for the age 
standard, 
N iSTD = induced track number of 235u (tracks/cm2) for the age standard, 
crTsTD = age error of the age standard. 
Zeta values at CRIEPI 
The zeta value of zircon was determined using three age standards. 
They are Fish Canyon Tuff, Buluk Member 4 Tuff and Tardree Rhyolite, 
whose ages are 27.8±0.1 Ma, 16.2±0.1 Ma and 58.7±0.6 Ma respectively 
(Hurford and Green, 1983; Hurford and Watkins, 1987). 
Zircons of Fish Canyon Tuff were obtained from the rock sample 
using the same laboratory procedures mentioned above (I - 9 of the 
"Laboratory procedures at CRIEPI"). Zircons of Buluk Member 4 Tuff and 
Tardree Rhyolite were provided through the Fission Track Research Group 
of Japan. 
The zircons for the zeta value determination were prepared using the 
same procedures adopted for unknown-age samples (10- 16 of the 
"Laboratory procedures at CRIEPI"). The zeta obtained for zircon was 374.0 
± 6.5 (Ia error) for dosimeter glass SRM613 (Table 2). 
The zeta value of apatite was determined using the Fish Canyon Tuff 
age standard. The apatites for the zeta value determination were prepared 
using the same procedures adopted for unknown-age samples (I - 16 of the 
"Laboratory procedures at CRIEPI"). The zeta obtained for apatite was 
2.65.2 ± 10.3 (1cr error) for dosimeter glass SRM613 (Table 3). 
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Zeta values at La Trobe University 
The zeta value of zircon was determined using Fish Canyon Tuff and 
Tardree Rhyolite. It was determined by counting spontaneous and induced 
fission tracks of the age standard samples that had already been prepared by 
the same procedures adopted for unknown-age samples at LaTrobe 
University. The zeta obtained for zircon was 135.1 ± 3.2 (lcr error) for 
dosimeter glass CN 1 (Table 4 ). 
The zeta value of apatite was determined using Fish Canyon Tuff, Mt. 
Dromedary and Durango samples. The ages of Mt. Dromedary and Durango 
samples are 98. 7±0. 3 Ma and 31. 4±0. 3 Ma respectively (Hurford and 
Green, 1983; Green, 1985). The zeta value was determined by counting 
spontaneous and induced fission tracks of the age standard samples that had 
been already prepared by the same procedures adopted for unknown-age 
samples at LaTrobe University. The zeta obtained for apatite was 329. I ± 
16.0 (I cr error) for dosimeter glass S RM612 (Table 5). 
4 . Res ults 
Small amounts of zircons and apatites were obtained from the Neogene 
volcanic rocks (sample code: AK 12- AKI5). Sample AKI 1 did not yield 
sufficient zircon or apatite for fission-track analysis. From microscopic 
observation, two types of zircons were recognized. One type was more 
transparent and more angular than the other. The former type was later 
confirmed to be essential zircons and the latter was confirmed to be detrital 
ziircons through the dating procedure. A large amount of pyrite was 
recognized during the mineral separation of the Neogene volcanic rocks. 
Large amounts of zircons and apatites were obtained from the granitic 
a~nd intrusive rocks. There was less pyrite than in the Neogene volcanic 
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samples. Zircons of the Kobuchigasawa sample, which is the felsic intrusive 
rock, are distinct from those of the granitic rocks. They are mostly 
transparent, euhedral, elongated and large (300- I 000 ~m) crystals, while 
zircons from the granitic rock samples are generally less transparent and 200 
- 400 ~min dimension. 
The zircon and apatite fission-track ages are listed in Table 6 and 
Table 7 respectively. Each set of data in Table 6 and Table 7 has been 
subjected to the x2-test (Galbraith, 1981) to detect the presence of additional 
uncertainty, beyond that allowed by Poisson variation in track counts. Those 
data for which the x2 value is acceptable at the 5% level have been subjected 
to the "conventional analysis" (Green, 1981). For those data which fail the 
x 2-test, the conventional analysis is not applicable (Galbraith, 1981) and for 
these data the mean of the individual crystal track density ratio (ps/pi) and 
the error on the mean ratio were used for age calculation (Green, 1981 ). 
All of the Neogene volcanic rock samples (AKI2- AKI5) were dated 
as -2 Ma by the zircon fission-track method. Some zircons had much higher 
spontaneous track densities than other zircons. These fission-track ages 
were calculated as 20- 160 Ma, which obviously demonstrates that they are 
detrital zircons. The detr ita l zircons were excluded for the dating of the 
Neogene volcanic rocks in Table 6. The apatite fission-track dating was 
discarded because of the very low spontaneous track density. 
The granodiorite from the bore-hole (sample code: OG I - OG3) was 
dialed as -25 - 35 Ma by the zircon fission-track method. Some apatite pilot 
sam pies were etched and most apatite grains were observed to have no tracks 
(except for some grains which have some track-like pits). Thus the apatite 
fission-track ages were regarded as being zero. 
The granitic and intrusive rocks from the outcrop localities were dated 
by both zircon and apatite fission-track methods. The granitic rock at 
Akakurabashi was dated as 47.2 ± 3.0 Ma ancl2.0 ± 1.3 Ma by zircon and 
Table 6 Zircon fission track a
n










































































































































































































































































































iya are dacite tuff. Sam
ple at K
obuchigasaw
a is intrusive rock. O
ther sam





























nderlined are adopted. Sam
ples 
an
alysed at CRIEPI are calculated u




 613 is u
sed. Sam
ples an
alysed at LaTrobe U




eter glass CN 1 is u
sed. P(x_2): Probability of obtaining x.2 v
alue for v


































3-2 arc 0.158 ±
 0.038, 0.107 ±
 0.021, 0.881 I 0.101, 0.824 ±
 0.068, 0.661 ±




patite fission track an




































































































































obuchigasawa is intrusive rock. O
ther sam
ples are granitic ro
cks. Ages are determ
ined on individual grain-m







nderlined are adopted. Sam
ples an
alysed at CRIEPI are calculated using 
~=265.2 ±




 613 is used. Sam
ples an
alysed at LaTrobe Univ. are calculated using ~=329.1 ±





 612 is used. P(X2): Probability of obtaining x2 v
alue for v












ean pslpi ratio used to calculate age and u
ncertainty where P(X2) <
 5%
 (ps: spontaneous track density, pi: induced track density). M
ean 










apatite fission-track methods respectively. The felsic intrusive rock at 
Kobuchigasawa was dated as 21.5 ± I. 3 Ma and 22.3 ± l. 7 Ma by zircon 
and apatite fission-track methods respectively. The granitic rock at Mitsuseki 
was dated as 78.1 ± 5.2 Ma and 22.8 ± 3.4 Ma by zircon and apatite fission-
track methods respectively. The granitic rock at Urinnai was dated as 95.5 ± 
6. 6 Ma and 1. 5 ± 0. 8 Ma by zircon and apatite fission-track methods 
respectively. 
Radiometric ages of granitic and intrusive rocks determined previously 
and in this study are shown in Fig. 5. 
Track length measurements were performed on zircons of all the 
samples (Fig. 6). 
In Fig. 6, the reduced track length ratio(%), which is defined as 1/lo. where 
1 is the measured track length and lois the non-annealed track length, is 
irncluded. Moreover, the proportion of non-annealed tracks (r> 1 o) is 
p1resented by assuming that tracks longer than I 0 11m are non-annealed. The 
p!roportion of tracks whose length is 5 - l 0 jlm and shorter than 5 11m are 
al.so shown as rs-10 and r<5 respectively. 
In Fig. 6, da ta for sample AKT are those from detrital zircons 
contained in samples AKI2, AKI3 and AKI5. Track length measurement of 
essential grains of the Neogene volcanic rocks was discarded because of the 
very low track density. 
5. Discuss io n 
The activity of Neogene vo/ccm ic rocks 
As shown in Table 6, four zircon fission-track ages of the Torageyama 
Formation at Akinomiya site were determined. The ages were I. 2 - 3 . 0 Ma. 
Of these, the ages of AKI3 and AKT4 passed the x2-test and were determined 
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Fig. 5 Simplified geological map of the Kurikoma geothermal area (modified from 
Sasada, 1984, 1988) with the radiometric ages of mainly granitic rocks determined 
p1reviously and in this study. 
K-Ar ages are from Kawano and Ueda (1966), Sasada (1984, 1985, 1988) and 
Kuriyama (1985) and fission-track ages are from this study. The position of calderas 




















T£=20 • 160 
















































































































Tz=21.5 ±I 3 










T z=9S.S ± 6.6 
TA=I5±0.8 
n=71 





















T .~:=25.0 ± 3.0 
TA=O 
n=57 





Fiig. 6 Confined spontaneous track length distributions observed in zircons from the 
North Kurikoma geothermal area. 
The first column : sampling locality, the second column: sample code, T z: zircon 
fission-track age (Ma), TA: apatite fission-track age (Ma), n: number of tracks 
measured, x: mean track length and reduced track length ratio (<}'o) in parentheses 
(non-annealed track length is assumed to be 10.5 Jl m), cr: s tandard deviation of track 
length distributions, r>1o: proportion(%) of tracks > 10 Jlm, rs.1o: proportion(%) of 
tracks of 5-10 Jlm, r<5: proportion(%) of tracks< 5 Jlm. Data of "AKI" sample are those 
from detrital zircons contained in AKI2, AKI3 and AKI5 samples. 
respectively. These ages do not overlap, even with 2 cr error bars, so it 
follows that sample AKI3 is older than AKI4. However, this contradicts the 
srtratigraphy. The single grain ages of AK I3 have a broader distribution than 
those of AKI4, as shown in Fig. 7. This implies that the age of AKI3 may 
still include some detrital grain ages. On the other hand, the data of AK 13 
pass the x2-test, which indicates that no detrital zircons arc included in the 
AKI3 sample. Thus, statistically, there is no reason to exclude some grain 
ages from the AK I3 data. The ages of AKI2 and AKI5 failed the x2-test; 
therefore some detrital grains may be included in the age determination. In 
order for these samples to pass the x2-test, if some grains that contribute 
mos t to the failure of the x 2-tes t are excluded in the age determination, the 
recalculated ages become 2.4 ± 0. 3 Ma for AKI2 and 1. 9 ± 0. 2 Ma for AK I5 
(Fig. 7), which are not so different from the original data of Table 6. Hence, 
i t: is better to regard the ages of AKI2 - AKI5 more broadly as -2 Ma or I - 3 
Ma. 
As mentioned in the previous section, there were some detrital zircons 
il!l the Akinomiya samples. The range of individual grain ages for these 
detrital zircons is -20- 160 Ma. Track length measurements of these 
samples are shown as comp i led data for "AK I " in Fig. 6. The reduced track 
length ratio of AKI is 83 percent, which means that the thermal effect on the 
detrital zircon was small. It is evident that the detrital zircons have 
experienced more ther mal annealing than the essential zircons, as the former 
are much older than the latter and have experienced at least the same 
annealing episodes as the latter since they were t rapped as detrita l grains. 
Thus, it is concluded that the f ission-track ages of the Torageyama 
Formation, which were determined using the essential zircons, are the ones 
that have exper ienced little thermal annealing. 
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Fig. 7 Radial plots (Galbraith, 1990) of single-grain fission-track ages of the Neogene 
volcanic rocks at the Akinomiya site. 
In radial plots, grain ages are read by projecting radius from origin through data point 
onto radial scale. Key features of these plots are that all grains have error bars of equal 
length and grains with more precise ages plot further to the right. If single-grain ages are 
statistically concordant, grain ages cluster within ±2 o wide swath (Dumitru et al., 1994). 
n: number of grains for age calculation. "x" in the plot: grain age that contributes most 
to th'e failure of x2 test. 
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According to Takeno ( 1988), all of the samples correspond to the 
Minasegawa tuff Member of the Torageyama Formation, which were dated as 
6.0 ± 0.8 Ma and 5.7 ± 1.4 Ma by the K-Ar whole rock method (Table 1). 
Those ages are older than the fission-track ages obtained in this study. The 
ol!der ages of the K-Ar whole rock method should be due to detrital grains 
(mostly biotite), because the dacite tuff contains lithic fragments to some 
extent. Kuriyama ( 1985) determined eight zircon fission-track ages of 3. 0 -
16.4 Ma for the Minasegawa Formation, which corresponds to the 
Torageyama Formation of Takeno ( 1988). He proposed that the young ages 
(3 - 6 Ma) of this formation were due to the effect of annealing on the zircon 
fission-track system. However, in this study, the annealing effect on the 
z i rcon fission-track ages of the Torageyama Formation was very small, 
which should also be true of the samples analyzed by Kuriyama ( 1985). 
Thus, it seems the old ages (> -4 Ma) determined by Kuriyama ( 1985) were 
aliso due to the presence of detrital grains. Nishimura eta!. ( 1976) 
determined the Oyu Welded Tuff Member as 2. l Ma using the zircon fission-
track method, which is concordant with the results in this study. 
Based on the K-Ar dating results, Takeno ( 1988) proposed that there 
were two volcanic stages that formed the Torageyama Formation. The earlier 
stage, at 5-6 Ma, formed the Minasegaw a Tuff Member and the later stage, at 
3-4 Ma, formed the Torageyama Tuff Member. The fission-track dating 
n~sults, in this study at least, deny the earlier stage of Takeno ( 1988), 
because the Minasegawa Tuff Member has been dated as -2 Main this study. 
Thus there seems to have been no age gap between the volcanic activities 
that formed the Minasegawa and Torageyama Tuff Members. Therefore, it is 
implied that the volcanic activity that formed the Ogachi caldera occurred at 
-2 Ma. 
Thermal history of the granodiorite beneath the Ogachi site 
r:: t"'l 
L>• 
The zircon fission-track dating results from the granod iorite beneath 
the Ogachi site were 33.4 ± 4.0 Ma for 001 (58 1 min depth), 37.2 ± 3.3 
Ma for 002 (78 1m in depth) and 25.0 ± 3.0 Ma for 003 (98 1 min depth) 
(Table 6). They are concordant within 2 o error bars. The weighted mean 
age of these three samples becomes 31.2 ± 3. 9 Ma, which can be regarded as 
the age of the granodiorite -500- 1000 min depth beneath the Ogachi site. 
The reduced track length ratio s were 62 percent for 00 I, 66 percent for 
002 and 64 percent for 003 (F ig. 6). As the track len g th s in zircons are 
reduced, the fission - track age does not show the age of the cooling below its 
closure temperature ( -240 °C from Hurford , 1986) after emplacement, but 
shows sometime younger than the coo ling age. 
The fission-track ages and the reduced track length ratios are similar 
for these sampling points. This means that the annealing effect on the zircon 
fis s ion-track sys tem of the granodiorite -500 - I 000 m in depth is almost the 
same, although the present temperature differs by 83 °C between 001 and 
003 samples. As will also be mentioned in Parts 2 and 3, if the thermal 
effect on the granodiorite has been dominantly by thermal conduction from a 
deeper heat source, the thermal effect s hould have been larger at greater 
depths . The almost equivalent thermal effect should indicate that lateral heat 
flow played an important role. The lateral heat source is probably some 
convectional heat such as thermal fluid and/or dyke emplacement. 
It is possible to know qualitatively the timing and intensity of the 
thermal effect from the track length distribution data (Ito et al., 1989). The 
track length distribut ion data of the Ogachi bore- hole sa mples are similar in 
that: 1) the reduced track length ratios are smaller than those of the other 
samples; 2) tracks < 5 J.Lm comprise a larger proportion than those of the 
other samples; and 3) tracks> 10 J.Lm are small in proportion (Fig. 6). The 
first and second points indicate that the thermal effect on the granodior ite 
beneath the Ogachi site was stronger than at the other sites. The main reason 
58 
should be that the granodiorite beneath the Ogachi site is situated in the 
active geothermal area and the samples were obtained from underground, 
where it is still hot. The granodiorite is mylonitized, so another possible 
heat source was the mylonitization. However, the mylonitization occurred 
dJUring the Late Cretaceous (Sasada, 1988), which is much older than the 
fission-track ages. Thus, it seems that no record of the mylonitization 
remains in the zircon fission-track system, which makes it difficult to 
evaluate its thermal effect. The third point indicates that the thermal effect 
on the granodiorite occurred recently compared with the zircon fission-track 
age of -30 Ma. The recent thermal event that affected the zircon fission-track 
system of the granodiorite should be the felsic volcanic activity that occurred 
at -2 Ma. 
The apatite fission-track ages of the Ogachi samp les were regarded as 
almost zero, as mentioned in the previous section. Some bore-hole studies of 
apatite fission-track dating indicated that fission tracks in apatites were 
C•Ompletely erased (annealed) if placed at -140 °C for -2x 106 years 
(G leadow and Duddy, 1981) (Fig. 8). The present temperature of the OG 1 
sample is -140 °C. Thus, the apatite fission-track data indicate that the 
present temperature of the OG I sample has been kept almost constant since 
the eruption of the felsic volcanic rocks, i.e. -2 Ma, unless the temperature 
exceeded -140 °C at some time since -2 Ma. 
Thermal history of the granitic rocks at the outcrops 
The Akakurabashi sample 
The sample of granitic rock obtained from Akakurabashi was collected 
near the Onikobe- Yuzawa Mylonite zone (Sasada, 1988) (Fig. 5). 
Microscopic observation reveals a mylonitic texture. The zircon fission-track 
age is 47.2 ± 3.0 Ma and is evidently an apparent age because the mean 
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Fig. 8 Time-temperature relation to completely anneal (reset) the apatite fission-track 
system (modified from Gleadow and Duddy, 1981). 
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by the zircon fission tracks is evidently that of the recent ( - 2 Ma) felsic 
volcanic activity because of the same reasons mentioned above in the Ogachi 
satmples. 
The apatite fission-track age is 2. 0 ± l. 3 Ma, which is concordant 
with the eruption age of the felsic volcanic rocks. This indicates that the heat 
from the recent Neogene volcanic eruption raised the temperature of the 
granitic rock more than a certain temperature (Tx). Tx depends on the 
heating time, and can be delineated using Fig. 8, provided that the heating 
duration is determined. 
The K obuchigasawa sample 
The intrusive rock sample at Kobuchigasawa was obtained from the 
western border of the Ogachi caldera (Fig. 5). The zircon and apatite 
fission-track ages are 21.5 ± 1.3 Ma and 22.3 ± 1.7 Ma respectively, which 
show es sentially the same age. This indicates that the intrusive rock cooled 
from the zircon closure temperature (-240 oc from Hurford, 1986) to less 
than the apatite closure temperature ( -100 °C from N aeser and Faul, 1969 
etc.) at -22 Ma and since then has not experienced enough heat to influence 
even the apatite fission-track dating system. The zircon track length 
distribution data are characterized by the large proportion of non-annealed 
tracks (Fig. 6). This supports the thermal history estimated by the fission-
track ages. As the Neogene intrusives are sporadically distributed in this 
ar ea (Sasada, 1985), the intrusive rock at Kobuchigasawa should be one of 
the Neogene intrusives and the fission-track data should indicate the age of 
intrusion. 
A K-Ar hornblende age of 97 Ma was determined using diorite ncar 
Kobuch igasaw a (Kawano and U eda, 1964) and K - Ar hornblende and biotite 
a.ges of 75.4 ± 3.8 Ma and 68.3 ± 3.4 Ma respectively were presented by 
S as ada ( 1985), using quartz gabbro near Kobuchigasawa (Fig. 5). These 
ages differ greatly from the fission-track ages obtained for the 
Kobuchigasawa sample, and are equal with or close to the original K-Ar 
ages of the granitic rocks in this area. Thus, the Neogene intrusive rock at 
Kobuchigasawa seems to have had very little thermal influence on the K-Ar 
dating systems of the nearby granitic rocks. 
The Mitsuseki sample 
The granitic rock sample obtained from Mitsuseki was collected near 
the northern border of the Ogachi caldera, to the west of the Onikobe-
Yuzawa Mylonite Zone (Fig. 5). It yielded a zircon fis~ion-track age of 78.1 
:!: 5. 2 Ma. The track length distribution data are characterized by the large 
proportion of non-annealed tracks, although there are some short tracks 
(Fig. 6). These zircon fission-track data indicate that the granitic rock at 
Mitsuseki cooled below the zircon closure temperature at 78. I ± 5. 2 Ma and 
the zircon fission-track system has not been thermally influenced since 
(Yamada et al., 1995). Although the zircon fi~sion-track age obtained 
belongs to the estimated mylonitization age of Late Cretaceous (Sasada, 
1984, 1988), it should not reflect the effect of the mylonitization, since the 
s:ample does not show any mylonitic texture. 
A K-Ar hornblende age of 99.8 ± 5. 0 Ma (S as ada, 1985) was 
determined using tonalite near Mitsuseki. Hurrison et al. ( 1979) regarded the 
discrepancy of the K-Ar hornblende and the fission-track zircon ages of the 
Quottoon Pluton, Canada, to be due to the slow cooling of the pluton, 
assuming the closure temperature of K-Ar hornblende is -450 - 550 °C. The 
age discrepancy of the K-Ar hornblende and the fission-track zircon in this 
case should also be due to the slow cooling of the granitic rock. 
An apatite fission-track age was determined as 22.8 ± 3 . 4 Ma. This 
age is significantly younger than those obtained using the other dating 
methods and is concordant with the age of the Neogene intrusives. Thus the 
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thermal effect of the Neogene intrusives seems to have been great enough to 
reset the apatite fission-track system but to influence the zircon fission-track 
system. 
The U rinnai sample 
The granitic rock sample at U rinnai was obtained near the northern 
border of the Ogachi caldera, to the east of the Onikobe-Yuzawa Mylonite 
Zone (Fig. 5). It yielded a zircon fission-track age of 95.5 ± 6.6 Ma. The 
track length distribution data are characterized by the large proportion of 
non-annealed tracks, allhough there are some short tracks (Fig. 6). These 
zircon fission-track data indicate that the granitic rock at Urinnai cooled 
below the zircon closure temperature at 95.5 ± 6. 6 Ma and since then has 
experienced insufficient heating to influence the zircon fission-track system. 
This zircon fission-track age is in the range of previously determined K-Ar 
ages of 87 - II 0 Ma, which were obtained from the granitic rocks distributed 
east of the mylonite zone (Sasada, 1988). 
An apatite fission-track age was determined as I. 5 ± 0. 8 Ma. This age 
is significantly younger than the zircon fission-track age and is concordant 
with the eruption age of the Neogene felsic volcanic rocks as determined in 
this study. Thus, the thermal effect of the recent Neogene volcanic eruption 
raised the temperature of the granitic rock to the "area of complete 
annealing", as shown in Fig. 8. 
Constraints on the thermal history of the North Kurikoma geothermal area 
It is possible to constrain the thermal history of the North Kurikoma 
geothermal area based on the radiometric ages determined previous Jy and tn 
this study (Fig. 9). 
The K-Ar hornblende and biotite ages (Sasada, 1988) and the zircon 
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Fig. 9 Thermal history of some igneous rocks that are exposed in the North Kurikoma 
geothermal area. 
OY~v1Z: Onikobe-Yuzawa Mylonite Zone, P: Pliocene, Q: Quaternary. 
Yuzaw a Mylonite Zone were determined as 87 - ll 0 Ma, which should be 
little thermally affected, so the temperature of these granitic rocks was -550 
- 240 °C during the period I I 0 - 87 Ma. 
As for the granitic rocks west of the mylonite zone, since the K -Ar 
hornblende ages were 99.8 ± 5. 0 Ma near Mitsuseki (Sasada, 1985) and 97 
Ma (Kawano and Ueda, 1966) near Kobuchigasawa, the temperature of these 
granitic rocks was -550 - 450 °C at -100 Ma. Because the zircon fission-
track age at Mitsuseki was 78. l ± 5. 2 Ma, which is litlle thermally affected, 
the granitic rock around this locality cooled to -240 °C at -78 Ma. 
A mylonitization event that formed the Onikobe- Yuzawa Mylonite Zone 
occurred under the temperature and pressure conditions of amphibolite facies 
during the Late Cretaceous (Sasada, 1984, 1988). 
Some granitic rocks intruded at -52 Ma, because a granitic rock that 
intrudes the Onikobe Yuzawa Mylonite Zone wa~ dated as 52.0 ± 3. 6 Ma by 
K-Ar biotite and 51.9 ± 2. 6 Ma by K -Ar whole rock methods respectively 
(.Sasada, 1984) (Fig. 5). 
During the Miocene there were some felsic intrusions, which are 
largely exposed west of the mylonite zone. The time of intrusion of these 
rocks was assumed to be -22 Ma at K obuchigasawa, based on the fission-
t rack data in this study. A K -Ar horn bien de age of 16.2 ± 9. I Ma 
(Kuriyama, 1985) was reported using a boring core sample collected east of 
the mylonite zone (Fig. 5), which is concordant with the fission-track data. 
The intrusion totally annealed the apatite grains in the granitic rock at 
Mitsuseki at -22 Ma. Thus, the intrusion episode at -22 Ma seems to have 
affected a rather large area. 
The voluminous felsic volcanic activity that formed the Ogachi caldera 
began at -2 Ma as determined by the zircon fission-track data in this study. 
This volcanic activity totally annealed the apatite fission-track system both at 
Akakurabashi and at Urinnai, although the thermal effect was stronger at 
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Akakurabashi, where it even affected the zircon fission - track system. This is 
well explained because Akakurabashi is located within the Ogachi caldera 
and Urinnai is located near the border of the caldera. 
Finally, some felsic volcanic activity formed the Kabutoyama 
fiormation and the Takamatsudake volcanic rocks during the Quaternary 
(Nishimura et al., 1976; Taniguchi et at., 1978; Kuriyama, 1985; Sakaguchi 
and Yamada, 1988). 
6;, Conclusions 
The main conclusions obtained in this study are as follows: 
1. The zircon fission-track age of the Torageyama Formation was determined 
ats -2 Ma using dacite core samples of a 400 m deep bore-hole at the 
Akinomiya site. Although the obtained age was younger than most of the 
ages previously determined by K-Ar and fission-track dating methods, it was 
not an apparently young age caused by thermal annealing, as was ascertained 
by evaluating the th ermal effect on detrital zircons involved in the dacite. 
Thus the caldera-forming felsic volcanic eruption is thought to have occurred 
at -2 Ma. 
2. The zircon fiss ion-track age of the granodiorite -500 - I 000 m beneath 
the Ogachi site was determined as 31.2 ± 3. 9 Ma, which is an apparently 
young age mainly due to thermal annealing by the felsic volcanic eruption 
that occurred at -2 Ma. Some lateral heat flow should have caused the almost 
equivalent thermal effect on the zircon fission-track system of the 
granodiorite from -500 m to I 000 m in depth. 
3. The zero age obtained by the apatite fission-track method ind icates that 
the temperature of the granodiorite -580 m beneath the Ogachi site has been 
kept at -140 °C for -2 million years unless the temperature exceeded -140 °C 
at some time since -2 Ma. 
4. The intrusion age of the sporadically distributed Neogene intrusive rocks 
was determined as -22 Ma at three different localities. Thus the intrusion 
episode at -22 Ma appears to be of rather wide areal extent. 
5. Apatite fission-track ages of the granitic rocks at two localities 
(Akakurabashi and Urinnai) were -2 Ma, which reflects the felsic volcanic 
activity that occurred at -2 Ma. The thermal effect of this volcanic activity 
was stronger at Akakurabashi than at Urinnai, because it affected even the 
zircon fission-track system at Akakurabashi. 
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Part 2 
Constraints on the thermal history of the Hijiori 
geothermal area, northeast Japan: evidence from fission-
track analyses on a granodiorite 
ABSTRACT 
The thermal history of a pre-Tertiary granodiorite beneath and outside 
of the Hijiori caldera, northeast Japan, was estimated by fission-track 
analysis. From a 2. 2 km deep bore-hole, HDR-1, which was drilled in the 
Hijiori caldera, three apparent zircon ages of 48-35 Ma and track length data 
from two samples showing the reduced track length ratios of 63-70% were 
obtained from the granodiorite whose present temperature is -240-270 °C. 
An outcrop sample collected from the granodiorite outside of the caldera 
yielded a much older zircon age of 76 Ma with a reduced track length ratio 
of 63 %. Apatite fission-track ages were almost zero for the bore-hole 
samples and 4. 3 Ma for the outcrop sample. 
Considering the geology of this area, the granodiorite should have 
experienced two thermal events; namely a Miocene and a Holocene volcanic 
episode. The data obtained show that the thermal effect of the two volcanic 
activities on the granodiorite beneath the caldera was not so great as to reset 
zircon fission-track ages but large enough to reset apatite fission-track ages. 
However, the granodiorite outside of the caldera experienced only the 
Miocene thermal event. The temperature of the granodiorite beneath the 
Hijiori caldera seems to have been almost constant since -10,000 years ago. 
1. INTRODUCTION 
The Hot Dry Rock Geothermal Energy (HDR) concept, which involves 
extracting thermal energy from rock that is hot but does not contain 
sufficient natural fluids for conventional geothermal development, mainly 
targets a granitic rock (e.g. Hijiori, Ogachi, Fenton Hill ) that is thought to 
be the heat source for a geothermal area. For the development of HDR, one 
of many essential problems is the need to elucidate the thermal history of the 
g,ranitic rock. This information can then be used to evaluate the geothermal 
system of the study area (e. g. to assess the most favorable location in the 
g;eothermal area, to evaluate the geothermal reservoir of the study area). 
Radiometric age determinations have been used extensively to evaluate 
the thermal history of some geothermal areas using such methods as TL 
(Takashima et al., 1987), ESR (lkeya, 1983; Ogoh et al., 1993), U-series 
(Goff and S hevenell, 1987), K-Ar (Tamanyu and Lamphere, 1983; 
WoldeGabriel and Goff, 1989, 1992) and Ar-Ar (Harrison et al, 1986; Spell 
e:t al., 1990). The fission-track dating (FTD) method can also be useful for 
evaluating the thermal history of a geothermal area and has been applied by 
s.ome authors (e.g. Nishimura et al., 1976; Ito and Tanaka, 1995). 
In comparison with other dating methods, FTD has the following 
merits: 
I) Using FTD, the closure temperature for apatite is -100 oc (Naeser 
and Faul, 1969; G lead ow and Duddy, 1981; Green et al, 1989) and for 
zircon it is 200- 250 °C (Gleadow and Brooks, 1979; Hurford, 1986) over 
geological time-scales. These closure temperatures are higher than those of 
TL (Takashima et a!., 1987) and ES R (I key a, 1983) methods and lower than 
those of K-Ar methods using hornblende and biotite (Nishimura and Mogi, 
1986). Thus FTD can provide unique information on the temperature range 
of I 00 - 250 oc over geolog ical time-scales. 
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2) Temperature is by far the most dominant parameter that influences 
the fission-track daring system (Fleisher et al., 1965). For example, 
alteration by chemical solution affects the K-Ar dating system, whereas 1n 
FTD, the effect is negligible. Thus, FTD provides more reliable information 
on thermal events than K-Ar in cases where chemical alteration is suspected. 
3) Because individual grain ages are obtained, it is easier to 
discriminate essential grains from contaminated grains. Thus it can be used 
not only on boring-core samples but also cuttings samples, which should 
contain more contaminated grains. 
4) FTD can provide not only the age information but also spontaneous 
track length information (G lead ow et a!., 1986; Ito e t a!., 1989), which 
constrains the interpretation of the thermal history. 
H ere, the FTD method has been applied to a granodiorite, which is the 
target of the HDR experiment at the H ijiori area, northeast Japan, in order to 
make some const raints on its thermal history. 
2. GEOLOGrCAL REVIEW 
The H ijiori geothermal area (Fig. I) is situated at Mogami county, 
Yamagata prefecture, northeast J apan. The Hijiori caldera, with a diameter 
of -2 km, is present in this region. Hydrothermally altered areas are 
distributed w ithin this caldera and many hot springs (Hijiori, Kanayama hot 
SJPring etc.) well out (Taniguchi eta!., 1978). 
The Hijiori caldera contain s a dacitic pyroclastic flow deposit with a 
total volume of 1 km3 (Ui, 1971 ) . Using 14c dating, it is estimated that 
recent geothermal activity commenced- 10,000 years ago with the eruption 
of the pyroclastic flow (Ui eta!., 1973). Thick Miocene volcanic rocks, 
overlying a pre-Tertiary basement rock, are distributed beneath the 
pyroclastic flow (Fig. 2). 
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Pig. 1 Geological map of the Hijiori geothermal area (modified from Konda, 1974). 
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Fig. 2 A geological cross section of the Hijiori geothermal area (modified from NEDO, 
1983). 
A-B line corresponds to that in Fig. 1. Hj--Hijiori pyroclastic flow deposits (Holocene); 
Ks-·-Kusanagi Fm (Late Miocene); Ok--Okura silicious tuff Fm (Middle Miocene); Tk--
Tsunokawa Fm (Middle Miocene); As--Aosawa Fm (Middle Miocene); Ty--
Tachiyazawa Fm (Middle Miocene); Gs-Gassan Fm (Early Miocene); Kgr-Kodake 
granodiorite (Pre-Tertiary); RJ--Rhyolite and liparite; Bd-basalt and dolerite. 
The HDR - 1 bore-hole (Fig. 3) was drilled near the southern rim of the 
Hijiori caldera by New Energy and Industrial Technology Development 
Organization (NEDO) in order to develop techniques employing the HDR 
concept. The geology of this area is briefly reviewed as follows based on 
Konda (1974) and NEDO ( 1983 ). 
The basement rock of this area is a pre-Tertiary granodiorite, the 
Kodake granodiorite, which is overlain by Miocene volcanic rocks. It is 
e.xposed mainly to the southwest of the Hijiori caldera (Fig. l ). It is 
leucocratic, medium-grained, hornblende-biotite granodiorite and locally 
shows a cataclastic texture (Matsunaga et al., 1993). Matsunaga et al. 
( 1993) dated the Kodake granodiorite by K-Ar biotite and K-feldspar 
methods, and obtained ages of 97.1 Ma and 93.8 Ma respectively. The 
dating results show that the granodiorite belongs to the granitic rocks in the 
Abukuma zone (Matsunaga et al., J 993). 
The Miocene volcanic rocks are> l km thick. They are the Gassan 
Formation, Tachiyazawa Formation, Aosawa Formation and Okura siliceous 
tuff Formation in ascending order. The Early Miocene Gassan Formation 
unconformably overlies the basement and comprises andesite and basalt. The 
Middle Miocene Tachiyazawa Formation comprises mudstone and tuff, 
conformably overlying the Gassan Formation. The Middle Miocene Aosawa 
Formation comprises basaltic pyroclastics intercalated with mudstone, 
siltstone and sandstone. This formation overlies the Tachiyazawa Formation 
conformably in some parts and is intruded by dolerite. The K-Ar age of the 
dolerite is 9. 6 - I 0. 6 Ma (Konda and Ueda, 1980). The Middle Miocene 
Okura siliceous tuff Formation comprise!, dacitic tuff intercalated with 
mudstone. 
Quaternary volcanic activity occurred at Hayama, Gassan and Hijiori 
volcanoes in this region. The Hayama and Gassan volcanoes were active 
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lFig. 3 Columnar section of the HDR-1 bore-hole and sampling points with a 
static temperature measurement result (modified from NEDO, 1989, 1990). 
Hj--Hijiori pyroclastic flow deposits; Ok--Okura silicious tuff Fm; As--Aosawa 
JFm; Ty--Tachiyazawa Fm; Gs-Gassan Fm; Kgr--Kodake granodiorite. 
Note the boundaries of Tachiyazawa Fm. are ambiguous (NEDO, 1989). 
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The Hijiori volcano comprises the Akasunayama caldera, Hijiori 
caldera and Imagami explosion crater. The Akasunayama caldera is situated 
to the west of the Hijiori caldera (Fig. 1) and is recognized as being older 
than the Hijiori caldera (NEDO, 1983). 
The Hijiori caldera is assumed to have been formed at the same time as 
thte eruption of the Hijiori pyroclastic flow and dacitic rocks. The eruption 
of the pyroclastic rocks continued after the caldera formation. The 
lowermost part of the pyroclastic flow deposit contains a large volume of 
g:ranodioritic conglomerate. The granodiorite is thought to have been a wall 
of the magma chamber that produced the pyroclastic rocks (NEDO, 1983). 
The lmagami explosion crater is situated to the northwest of the 
H ijiori caldera. It has a circular crater 600 m in diameter. The eruption that 
produced the crater is thought to have been almost contemporaneous with the 
formation of the Hijiori caldera (NEDO, 1983). 
The activity of the Hijiori volcano is assumed to be divided into two 
s t ages. The Akasunayama caldera was formed at the earlier stage, possibly 
in the Late Pliocene, while the Hijiori caldera and the Imagami explosion 
crater were created at the later stage, -10,000 years ago (NEDO, 1983). The 
magma chamber for the later stage is assumed to be still active (NEDO, 
1 983 ). 
3. PREVIOUS WORKS 
Many investigations associated with geothermal energy exploration 
have previously been carried out in this region (NEDO, 1983, 1989, 1990). 
They are briefly summarized as follows. 
The heat flow of this area is 4. 4 II FU on average, which is 3 - 4 times 
higher than ordinary areas which do not show any geothermal manifestations 
(NEDO, 1983). 
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A magnetic survey confirmed the presence of a caldera structure at the 
Hijiori caldera (NEDO, 1983). 
The results of static temperature measurements of some bore-holes 
(e. g .. 54E-AHD-I, -2; Fig. 2) in the H ijiori caldera show a parabolic curve 
mainly in the Okura siliceous Formation. Thus, at this level, both thermal 
conduction and thermal convection are effective (NEDO, 1983). 
Alteration mineral assemblage analyses show that diagenetic and 
hydrothermal alterations are observed in the Okura siliceous tuff Formation 
and the Aosawa Formation. Alterations that occurred in the Miocene, namely 
the Green Tuff alteration, are observed in the lower formations (NEDO, 
1983). 
The thermal fluids obtained from the N56-DZ-6 bore-hole (Fig. 2) are 
assumed to be created at a temperature of -300 °C and a depth of -3 km 
(NEDO, 1983). Since at that depth there should be a granodiorite, this 
indicates that there should be a hydrothermal reservoir in the granodiorite 
(NEDO, 1983). 
Fluid inclusion microthermometry results for the Miocene volcanic 
rocks and the granodiorite basement rock showed that the temperature 
decreased after the formation of primary fluid inclusions, and the 
temperature at which secondary fluid inclusions were formed is close to the 
present temperature (NEDO, 1983). The present temperature for the 
basement rock at 1780 m depth in the bore-hole N 56-DZ-6 is -240 oc and 
the homogenization temperature is also -240 oc (NEDO, 1983). 
Matsunaga et al. ( 1993) carried out K-Ar radiometric dating on 
samples of granodiorite from the HDR-1, 2, 3 bore-holes, as well as one 
outcrop sample. They reported a K-Ar biotite age of 90. I Ma and a K-Ar K-
f,elds par age of 76.6 Ma for the H DR-1 bore-hole at 2, 03 3 m in depth. The 
K-Ar biotite and K-feldspar ages for the outcrop sample were 97. I Ma and 
93.8 Ma respectively. They also reported K-Ar sericite ages of less than 15 
80 , .<.. 
Ma from the bore-hole samples. Zircon FT ages of l l. 6 - 12.6 Ma for the 
Aosawa Formation and 5. 3 Ma for the Tachiyazawa Formation were reported 
by NEDO ( 1983). The discrepancy between the stratigraphy and theFT 
dating results was assumed to be due to the influence of detrital zircon 
grains or the effect of partial annealing (NEDO, 1983). 
4. EXPER £MENTAL METHODS 
Fission-track analyses were carried out on the granodiorite from the 
HDR-1 bore-hole at 1500 m, 1800 m and 2170 m in depth (sample codes: 
H 1500, H 1800 and H2170 respectively), as shown in Fig. 3. The bore-hole 
samp les are all cuttings samp les weighing 3- 4 kg each. In order to compare 
the thermal history of the granodiorite in the Hijiori caldera with that of the 
granodiorite outside of the Hijiori caldera, a 3- 4 kg outcrop samp le 
(sample code: KODA) was collected -4 km south of the Hijiori caldera (Fig. 
1 ). This outcrop sample was collected in the vicinity of the one collected by 
Matsunaga et at. ( 1993 ) . Microscopic observation of the KODA sample 
r evealed that biotite and hornblende are largely chloritized and plagioclase is 
partly altered to sericite. Other cuttings samples, from 500 m depth 
(andesitic tuff of the Aosawa Formation) and 800 m depth (basaltic tuff of 
the Upper Gassan Formation) in the HDR-1 bore-hole, were also prepared 
but neither zircons nor apatites were obtained from these samples. 
Samples from the HDR-1 bore-hole were prepared and analyzed at 
CRIEPI, whi le the outcrop sample was prepared and analyzed at LaTrobe 
University, Australia. The experimental procedures at both laboratories are 
described in detail in P art I. Hence, only specific p rocedures are described 
in this section. 
For the HDR-1 samples, zircon etching was performed at 225 ± 2 °C 
for - 10 hours in a NaOH:KOH (1:1) etchant except for the HJ 500-l sample. 
8 ., u 
Apatite etching was performed at 25 °C for 2 min. in 0. 6% HN03 etchant. 
Zircons of the H 1500-1 sample were etched at 235 oc for 5 hours in a 
NaOH:KOH (I: I) etchant. Zircon and apatite irradiations were performed for 
77 hours at D20 facility and for 4 hours at TcPn facility of Kyoto 
University Research Reactor (KUR) respectively. 
For the outcrop sample, zircon etching was performed at -235 °C for 
4-5 hours in a NaOH:KOH (1:1) etchant and apatite etching was performed 
at 20°C for 20 seconds in 5M HN03. The zircon and apatite irradiations 
were performed in the X7 facility of H TFAR (Lucas Heights, NSW) with 
1 015 thermal neutrons/cm2 and 10 16 thermal neu trons/cm2 respectively. 
Fission track ages were obtained using the external detector method 
and the zeta approach (Hurford and Green, 1983). A zeta value of 318.8 ± 
9. 4 (I o error) for dosimeter glass S RM 613 (Table. 1) was used for the 
zircons of the HDR-1 samples. A zeta value of 135. I ±3. 2 for dosimeter 
glass of CN-1 (Table 2) was used for zircons of the outcrop sample and a 
zeta value of 329.1 ±16.0 for dosimeter glass SRM612 (Table 3) was used 
for apatites of the outcrop sample. 
Because there are some track-like dislocations in zircon grains, those 
track-like dislocations were sketched and checked before the etching 
procedure in some grains. The risk of mistaking a dislocation for a fission 
track was confirmed to be less than 2- 3 %. 
5. RESULTS 
Small quantities (200- 300 grains) of rather massive and partly 
chipped zircons, with diameters of 200 - 300 Jlm, were obtained from the 
three samples of the HDR-1 bore-hole. Much larger quantities of fairly 
euhedral apatite grains were obtained from the same samples. A large 
quantity of pyrite was recognized during the mineral separation procedure of 
8i 
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the HDR-1 samples. Much larger quantities of zircon and apatite were 
obtained from the outcrop sample than from the bore-hole samples. Both 
massive and elongated zircons were observed, with diameters of 200- 400 
11m. Zircons and apatites of the outcrop sample were fairly euhedral in 
shape. Pyrite was rarely recognized during the mineral separation procedure 
for the outcrop sample. 
The dating results are listed in Table 4. Results of a x2-test shown as 
P(X2) value are also included (Galbraith, 1981 ). If a P(X2) value is< 5%, 
this indicates that there is greater uncertainty in the fission track counts than 
that allowed by Poisson variation. In this situation, the mean individual 
grain ps/pi ratio was used to calculate the age and the uncertainty, which 
gives approximately the same age but makes allowance for the wider spread 
of individual grain ages (Green, 198 I). Zircons of the H 1500 sample were 
dated from two individual grain-mounted sheets. The ages were 39.7 ± 3.3 
Ma for Hl 500-l sheet and 45.6 ± 8.7 Ma for Hl500-2 sheet. These ages are 
concordant within lcr error and the weighted mean age of 40.4 ± 2.0 Ma was 
adopted. Zircons of H2170 and KODA samples were also dated using two 
individual sheets. The ages were also concordant within 1cr error and the 
weighted mean ages of 47.7 ± I. 6 Ma for H2170 and 76.0 ± 2. 6 Ma for 
KODA were obtained. Sample H 1800 yielded a zircon age of 35.3 ± 3. 5 Ma, 
although on ly two grains were analyzed. 
Apatites from H 1500 and H 2170 were etched and fission tracks were 
observed under the microscope. Because many apatite grai ns have no tracks 
(except for some grains which have some track-like pits and annealed tracks 
with 4-5 11m in length), the ages of apatites from the H DR-I samples were 
regarded as zero ages. Apatites from the outcrop sample have some long 
(possibly not annealed) fission tracks. The apatite sample was dated as 4. 3 
± 0.9 Ma. 
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Track length measurements were performed on zircons from H 1500, 
H2170 and KODA samples (Fig. 4). All three samples had short fission 
tracks, indicating some thermal annealing. The reduced track length ratios 
were 63 % for H 1500, 70 % for H2170 and 63 % for KODA, assuming the 
non-annealed track length is I 0. 5 J..Lm (Ito et al., 1989). 
6. DISCUSSION 
Thermal history of the granodiorite beneath the Hijiori caldera 
TheFT zircon age results of the HDR-1 samples were 40.4 ± 2.0 Ma 
for Hl500, 35.3 ± 3.5 Ma for H1800 and 47.7 ± 1.6 Ma for H2170 (Table 
4). The reduced track length ratios were 63 % for H 1500 and 70% for 
I-12170 (Fig. 4 ). These data evidently indicate that the granodiorite in the 
Hijiori caldera experienced some thermal effect. Considering the geology of 
this area, the granodiorite experienced two thermal events. These are 
episodes of volcanic activity in the Miocene and the Holocene. The apparent 
FT zircon ages are older than the Miocene, so neither of the thermal events 
completely reset the FT zircon system. 
The track len gth reduction is greater at I, 500 m (H 1500) than at 2, 170 
m in depth (H2170). This fact indicates the thermal effect on the 
granodiorite was larger at I ,500 m than at 2,170 m, which should not have 
occurred if the granodiorite cooled only by simple thermal conduct ion. The 
greater thermal effect on the shallower part of the granodiorite could be due 
to some other thermal events such as hot fluids. The H 1500 sample was 
obtained near the boundary with the overlying Neogene vo lcanic rocks, 
whereas the H2 170 samp le was obtained in the middle of the granod iorite. 
Therefore the position of sample H 1500 makes it more susceptible to thermal 
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Fig. 4 Confined spontaneous track length distributions observed in zircons 
from the IIDR-1 bore-hole samples and an outcrop sample. 
n: number of tracks measured, x: mean track length and reduced track 
lEmgth ratio(%) in parentheses (non-annealed track length is assumed to 
be 10.5 Jlm), cr: standard deviation of track length distributions. 
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The FT apatite ages of the HDR-1 samples were regarded as almost 
zero age. Laboratory annealing experiments on apatite show that fission 
tracks in apatites will be completely erased (annealed) if subjected to -250 
°C for l year duration (Gieadow and Duddy, 1981). The present temperature 
of the HDR-1 samples is> -240 oc (Table 4) and the heating duration is 
considered to be much longer than 1 year. Thus the zero age of the HDR-1 
s:amples is well explained. 
The fission track length data (Fig. 4) can be used to roughly determine 
the timing and intensity of the thermal effects. As mentioned above, the 
granodiorite experienced two thermal events: the Miocene and the Holocene 
volcanic episodes. The fission track length distributions for samples H 1500 
and H2170 show that non-annealed fission tracks (> -I 0 ~m in length) are 
small in number compared with annealed fission tracks ( < -10 11m in 
length). As time passes after an event that reduced the fission track lengths, 
tlhe proportion of non-annealed fission tracks becomes larger as more non-
annealed tracks are produced. Thus, the small proportion of the non-
annealed fission tracks means that the thermal effect occurred recently. In 
this case, the most recent thermal effect that reduced fission tracks in zircon 
was probably the H olocene volcani c activity. 
Matsunaga et al. ( 1993) reported K-Ar dating results for the 
granodiorite from the HDR-1 bore-hole. They determined a K-Ar biotite age 
of 90. 1 Ma and a K-Ar K-feldspar age of 76.6 Ma for a core sample from 
2, 033 m depth. Sample H2170, with a zircon FT age of 4 7. 7 ± I. 6 Ma, was 
located near the sampling position of the K-Ar study. Comparing these data 
with the K-Ar data of an outcrop sample (97. I Ma for K-Ar biotite and 93.8 
Ma forK-ArK-feldspar; Matsunaga et al., 1993), the K-Ar biotite system 
was little affected by the later thermal event (the Miocene and the H olocene 
volcanic episodes) and the K-Ar K-feldspar system was less affected than 
theFT zircon system. This is significant because the closure temperature of 
0 ') v .<.., 
the K-Ar K-feldspar system is estimated to be the same as that of theFT 
zircon system (Shibata et al., 1990). This should indicate that the K-Ar K-
feldspar system is more thermally resistant than theFT zircon system in the 
ca.se of a secondary thermal effect as mentioned by Matsunaga et al. ( 1993). 
Thermal history of the granodiorite outside of the Hijiori caldera 
TheFT zircon age obtained from the outcrop sample was 76.0 ± 2. 6 
Ma (KODA in Table 4) and the reduced track length ratio was 63 %(F ig. 4). 
Tlhese data evidently indicate that the granodiorite outside of the Hijiori 
caldera also experienced some thermal effect. The FT apatite age of the 
outcrop samp le (KODA-A in Table 4) was 4. 3 ± 0. 9 Ma and the fission 
tracks observed were long and resembled non-annealed fission tracks (e. g. 
fission tracks in Durango apatite). Because the closure temperature of the FT 
apatite system is estimated to be -100 °C (Naeser and Faul , 1969; Gleadow 
and Duddy, 1981; Green et al., 1989), the granodiorite must have cooled 
below -100 °C at 4. 3 ± 0. 9 Ma. 
From these results, the outcrop sample of granodiorite experienced 
o.nly the Miocene volcanic activity. The apparent FT zircon ages are older 
than the Miocene, thus the Miocene thermal effect did not completely reset 
theFT zi rcon system of the granod iorite at this local ity. 
Estimated cooling history of the granodiorite at the Hijiori geo thermal area 
From the above discussions, the cool ing history of the granodiorite at 
the Hijiori geothermal area is est imated as follows (Fig. 5). 
The K-Ar biotite ages of the granodiorite from the bore-hole and 
outcrop samples are 90. 1 ± 4. 5 Ma and 97. l ± 4. 9 Ma respectively 
( M atsunaga et al., 1993) and the closure temperature of the K-Ar biotite is 
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Fig. 5 Estimated cooling curves of the granodiorite beneath and outside of the Hijiori 
caldera. 
The cooling curve A is that of the granodiorite which is 1.5- 2.2 km in depth at the 
Hijiori caldera. The cooling curve B is that of the granodiorite which is exposed -4 km 
solUth of the Hijiori caldera. The closure temperatures of K-Ar biotite, K-Ar K-feldspar, 
FT zircon and FT apatite are assumed to be -300 °C, -240 oc, -240 oc and -100 oc 
respectively (Hurford, 1986; Green et al., 1989). FT zircon ages are reduced ages 
affected by the later thermal events. Shaded range denotes the uncertainty of the 
estimation. 
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to be little affected by later thermal events, the granodiorite should have 
cooled below -300 oc at l 00 - 90 Ma. 
In the Paleogene, the granodiorite should have cooled monotonically, 
because there do not seem to have been any thermal events during this time 
(NEDO, 1983). Volcanic activities occurred in the Neogene, especially in 
the Miocene. Although these volcanic activities should have been extensive 
because of the thick deposits in the Miocene (Fig. 2), the temperature of the 
granodiorite never exceeded the zircon closure temperature of -240 oc 
(Hurford, 1986) in the Miocene. It may have been raised close to the zircon 
closure temperature as shown in Fig. 5. During this time, however, the 
granodiorite was located close to the grou nd surface especially just before 
the Gassan Formation was deposited, so its temperature may have been 
lower than during the Paleogene. Thus the cooling curve in the Neogene is 
estimated to be broad, as shown in Fi g. 5. 
In the Quaternary, it is assumed the volcanic activity that commenced 
-· 10,000 years ago raised the temperature of the granodiorite beneath the 
H ijiori caldera to approximately the present temperature ( -240 - 270 °C) and 
the temperature has been kept a lmost constant since then. This is supported 
by a fluid inclusion study (NEDO, 1983), in which the maximum 
temperature of the granodiorite at 1780 m depth in the N56-DZ-6 bore-hole 
(Fig. 2) is estimated to be the same as the present temperature of -240 °C. 
Brand on and Vance ( 1992) est imated the temperatures required to produce 
30% (TZ30%) and 40% (TZ40%) annealing of zircon fission tracks 
(corresponding to reduced track length of 70 % and 60 % respectively) for a 
heating duration of 10,000 years are calculated as 264 oc and 274 °C 
respectively. These temperatures are not so different from the present 
temperature of H 1500 and are in good agreement with that of H2170. As the 
FT zircon closure temperature estimated by Brandon and Vance ( 1992) 
seems somewhat lower than that estimated from Part 3 in this study, the 
Holocene cooling curve of the granodiorite beneath the Hijiori caldera was 
estimated as a broad range. 
However, the granodiorite outside of the Hijiori caldera should have 
cooled to the present temperature from -100 °C at 4. 3 ± 0. 9 Ma. 
7. CONCLUSIONS 
The fission track dating method was applied to a granodiorite beneath 
and outside of the Hijiori caldera in order to constrain the thermal history of 
tlhe H ijiori geothermal area. 
The following conclusions were obtained: 
1) Samples from granodiorite in the 2. 2 km deep bore-hole HDR-1, which 
was drilled in the Hijiori caldera, yield three apparent zircon fission-track 
ages of 48-35 Ma and track length data from two samples exhibit the reduced 
track length ratios of 63-70 %. The present temperatures at the sampling 
depths are -240-270 °C. The zircon ages obtained are thermally reduced 
ones. 
2) Apatite fission-track ages from the bore-hole samples were regarded as 
z:ero ages, which is well explained by the annealing experiment discussed in 
section 6 above. 
3) The thermal effect on the zircon fission-track system was larger at 1500 
m in depth than at 2170 m in depth. This is probably because the 
granodiorite at 1500 m deep is near the contact with the overlying Miocene 
deposits and is therefore more susceptible to thermal fluids than the rock at 
2170 m. 
4) The small proportion of non-annealed fission tracks in the bore-ho le 
samples should indicate that the Holocene thermal effect was large enough to 
reduce fission tracks in zircon. 
gr, 
5) Results from the HDR-1 bore-hole indicate that the K-Ar K - feldspar 
system is more thermally resistant than the fission-track zircon system in the 
case of a secondary thermal event. 
6) An outcrop sample of the granodiorite, which was obtained outside of the 
Hijiori caldera, yielded an apparent zircon fission-track age of 76.0 ± 2.6 
Ma and track length data showing the reduced track length ratio of 63 %. 
This zircon age is also thermally reduced. 
7)The apatite fission-track age of the ou tcrop sample was 4.3 ± 0.9 Ma. 
Because fission tracks in the apatites do not seem to have been thermally 
affected, the granodiorite cooled below -100 °C at 4. 3 ± 0. 9 Ma. 
8) It was estimated that the temperature of the granodiorite at I . 5 - 2. 2 km 
depth in the Hijiori caldera has been kept almost constant si nce -10,000 
years ago. 
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Part 3 
Insights on the thermal history of the Valles caldera, 




The zircon fission-track dating method was applied to the VC-2B core 
obtained from the active hydrothermal system at Sulphur Springs, Valles 
caldera, New Mexico. Four samples were analyzed to obtain both zircon 
ages and track length data from Permian strata to Precambrian quartz 
monzonite, the present temperatures of which are from 222 to 294 °C. Zircon 
ages obtained from the deeper three samples indicate partially annealed ages 
of about 450-600 Ma. Thus, zircons from Permian strata probably originated 
from Precambrian rocks. The lack of correlation between FT ages and 
temperatures of the sampling points is probably due to hot fluid flow and/or 
hot vein emplacement associated with recent volcanic activity . Zircon ages of 
the shallowest sample were much younger than the Permian, the reason for 
which is unknown. The closure temperature of the zircon fission-track 
dating method seems to be higher than that previous ly determined from 
geological data. 
1 Q tj 
l. INTRODUCTION 
The Valles caldera, New Mexico, is a resurgent caldera that formed at 
l. 13 Ma and had accompanying post-caldera moat rhyolite emplacement until 
about 0. 13 Ma (Gardner et al., 1986; Self et a!., 1986; S pel I et al, 1990). At 
present, an active hydrothermal system is observed in and around the 20-km-
diameter Valles caldera. VC-28, the third Continental Scientific Drilling 
Program (CS DP) core hole in the Valles caldera (Fig. I), was drilled in the 
Sulphur Springs area, in the west-central portion of the caldera. It reached a 
depth of 5780 ft. ( 1761.7 m) and a bottom-hole temperature of 295 °C. The 
hole penetrated all of the thick Valles intracaldera ignimbrite sequence as 
well as pre-caldera basement rocks, ranging in age from Miocene to 
Precambrian. The detailed geological description of this core was made by 
Hulen and Gardner (1989) and a summary of the Valles CSDP can be found 
in Goff et al. (1992). 
One of many essential problems is to elucidate the thermal history of 
the caldera and determine when the present abnormally high geothermal 
gradient commenced in this area. So far, many studies have focused on these 
subjects using radiometric age determinations (Brookins et al., 1977 ; Spell 
et a!., 1990; WoldeGabriel and Goff, 1992), paleomagnetism (Geissman , 
1988), fluid inclusion microthermometry (Sasada, 1988; Hulen and Nielson, 
1988), mineral alteration assemblages ( Keith, 1988; Hulen and Nielson, 
1988) and so on. Dating of spring deposits, core samples of vein minerals 
and altered host rocks by K-Ar (WoldeGabriel and Goff, 1989, 1992), Ar-Ar 
( Harrison et al,. 1986; Spell et al., 1990), U-series (Goff and Shevenell, 
1987; Self eta!., 1988) and ESR (Ogoh et al., 1993) revealed that the 
hydrothermal system was created at about 1. 0 Ma and has been con tinu ously 
ac: tive to the present. 
10 ~ 
Topographic Rim of 
Valles Caldera 
















Fi.g.l Location map of the Valles caldera and VC-2B core hole, Sulphur 
Springs area, New Mexico; v pattern shows Banco Bonito obsidian flow, 
stipple pattern shows area of intense intracaldera acid-sulfate alteration, 
stars denote intracaldera rhyolite vents and heavy dashed line shows the 
inferred position of the Valles ring fracture zone (modified from Goff et 
al., 1986). 
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The fission-track dating (FTD) method using zircon should be 
applicable to evaluate the thermal history of a geothermal area. This is 
because FTD using zircon has a much higher thermal resistivity than FTD 
using apatite. Apatite FTD has a closure temperature of about I 00 °C 
(Naeser and Faul, 1969; Green eta!., 1989), whereas the closure 
te:mperature for zircon FTD is about 200 °C (Zaun and Wagner, I 985; 
Nishimura and Mogi, 1986), although Hurford ( 1986) estimated it more 
broadly as 240 ±50 °C. The closure temperature of zircon FTD corresponds 
well with that of the K-Ar method using feldspar (Shibata et al., 1990). 
In an active geothermal area where the temperature approaches 300 °C, 
fission tracks in zircon must have been partially annealed, even in the case 
where fission tracks in apatite have been totally annealed, yielding a zero 
age. In such a case, zircon FTD should provide more geological information 
than apatite FTD. Thus this method will provide additional constraints on the 
thermal his tory of the Valles caldera. 
It should be mentioned that there is still ambiguity about the closure 
temperature of zircon FTD, because its closure temperature exceeds 300 °C 
from experimentally derived results (Fleischer et al., 1965). This is about 
100 °C higher than the estimate from geological data. It is therefore also 
important to apply zircon FTD to the VC-2B core, because it should also 
provide some important information about the closure temperature of the 
zircon FTD system. Moreover, FTD has other merits for geothermal 
applications. FTD can not only p rovide dating results but also spontaneous 
t1rack length information (Glcadow eta!., 1986; I to eta!., 1989), which 
constrains the interpretation of the dating results. Because FTD is applied to 
individual grains, it can also be used in the case of sedimentary rocks to 
discriminate between the types of host rocks that yielded the grains (Hurford 
eta!., 1984). 
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2. EXPERIMENTAL METHODS 
Samples of the VC-2B core were obtained from depths of 3005, 4003, 
4978 and 5773 feet (Fig. 2). The sample at 3005 ft (YC2B 1) is from the 
Permian Yeso Formation. It consists of dominantly hematitic, fine-grained, 
plane- to wavy-bedded, commonly bioturbated, locally argillaceous 
sandstone. The VC2B 1 sample was taken from fairly laminated and non-
laminated parts of the sandstone. The sample at 4003 ft (VC2B2) is from the 
Permian Abo Formation, which contains interbedded hematitic arkosic 
mudstones and sandstones. The YC282 sample was taken from dominantly 
thinly laminated and partly non-laminated parts of the sandstone. The sample 
at 4978 ft (YC2B3) is from the Pennsylvanian Sandia Formation, which is 
dominantly interbedded mudstone, siltstone, sandstone and argillaceous to 
sandy limestone. The VC2B3 sample was taken from sandstone to sandy 
limestone. The sample at 5773 ft (YC2B4) is from the Precambrian 
porphyritic biotite(+ hornblende) quartz monzonite. It consists of very 
distinctive coarsely porphyritic rock, with 20-25 % large potassium feldspar 
phenocrysts embedded in a medium-crystalline granitic matrix. Original 
magnetite (ilmenite?) and sphene are now commonly converted to 
leucoxene. These lithological descriptions were taken from Hulen and 
Gardner ( 1989). Zircons were obtained from all the samples by conventional 
mineral separation techniques including both magnetic and heavy liquid 
separations. 
Zircons from YC2B l and YC2B2 consisted of many elongated grains 
200-300 j..lm long and 50-100 j..lm wide. S orne zircons were rather massive, 
rounded and 100-200 j..lm long. A small quantity of zircons was obtained 
from YC283. They were smaller in size compared with the other samples. 
Zircons from YC284 were mostly elongated grains 200-300 j..lm long and 50-
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Fig.2 Summarized geologic log for VC-2B core hole and sampling points 
(modified from Hulen and Gardner, 1989). 
Is--landslide debris; cf--caldera-fill clastic rocks; bx--hydrothermal breccia 
and dacite porphyry; Ts--Tshirege Member of Bandelier Tuff; S3--S3 
clastic deposits; Ot--Otowi Member of Bandelier Tuff; LT--Lower Tuffs; 
SF--Santa Fe Group sandstone; Py--Permian Yeso Fm; Pa--Permian Abo 
Fm; Pm--Penn. Madera Limestone; Ps--Penn. Sandia Fm; PC--








Zircons were mounted in PFA Teflon. They were polished in 6 )..l.m 
diamond paste to a depth that ensures 4 1t geometry and polished again with 
I )..l.m diamond paste to cleanse the surface. They were etched in NaOH and 
KOH eutectic melt at 225 °C to reveal spontaneous fission tracks (Gleadow 
et al., 1976). 
For some samples, spontaneous track density was very high(> JO?cm-
2), so etching times were necessarily short to discriminate each track clearly 
(Table 2). A photo of an etched sample with high spontaneous track density 
is shown in Fig. 3. 
Ages were determined using the external detector method (G lead ow, 
1981 ), and the zeta approach (Hurford, J 990) was adopted. The samples 
were irradiated with some age standards and standard glass SRM-613 in the 
D20 facility of Kyoto University Research Reactor (KUR). This facility has 
a thermal neutron flux of 3-4 x 109 cm-2s-l and a Cd ratio of more than 
5000 for Au (T. Tagami, personal communication, 1992). 
Track age counting and spontaneous track length measurements were 
c·arried out under a microscope (N ikon Optiphot POL; x 10 eyepiece, xI 00 
dlry objective). Only horizontal confined tracks were selected for track length 
measurement. Some zircons were etched up to 2 times longer than those 
etched for age determination in order to reveal confined tracks clearly. 
The results of zeta values and age determinations are shown in Tables 
and 2 respectively. The results of track length measurement are shown in 
Fig. 4. Zeta values were determined using three age standards listed in Table 
J. They showed fairly good concordance, though the zeta for Buluk Member 
4 Tuff is relatively low. The weighted mean zeta of 385.6 ± 8.4 (lcr error) 
was used for age calculations. 
3. DISCUSSION 
Fig.3 An etched zircon sample with high spontaneous track density (>107 cm-2). 
This sample is from the Permian Abo Formation (VC2B2). Etching conditions are 
NaOH:KOH=l:l at 225 °C for 6 hours. 
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Fig.4 Confined spontaneous track length distributions observed in zircons 
from VC-28 core. 
n: number of tracks measured, x: mean track length and reduced track 
length ratio(%) in parentheses (non-annealed track length is assumed to 
be 10.5!lm), o: standan1 deviation of track length distributioris: 
1 J tJ 
The zircon FT ages obtained for VC2B2, VC2B3 and VC2B4 are about 
4 50-600 Ma. These ages are obviously annealed to some extent, becau s e 
track lengths are shorter than the non-annealed track length of about I 0. 5 
J ..Lm for some granites (Ito et al., 1989). Though the rocks of both VC282 
and VC2B3 belong to Permian formations, these ages range from Ordovician 
to Precambrian. It is very plausible that the original ages of these zircons are 
Precambrian, considering the annealing effect. 
It is noticeable that the ages of VC2B 2, VC2 B 3 and VC2B4 are 
approximately the same, regardless of the difference in sampling depth and 
present temperature. This contrasts well with the results of Zaun and Wagner 
( 1985). They showed decreasing zircon ages with increasing sampling depth 
a1nd temperature at Urach, southwest Germany, where very old (-100 Ma) 
subsidence-driven thermal input occurred. 
However, the results of the Valles caldera are analogous to the results 
of the Hijiori caldera, northeast Japan (Ito, 1993), because zircon ages do 
not necessarily decrease with increasing depth and temperature. In both 
cases, the intense thermal activity that formed the calderas occurred very 
recently, i.e., - 1 Ma for the Valles caldera and -I 0, 000 years ago for the 
Hijiori caldera. In both cases, thermal input was caused by volcanic activity, 
which possibly affected zircon annealing by relatively shallow hot fluid flow 
and/or hot vein emplacement. In such cases, zircons need not be heated 
dominantly by thermal conduction from the deeper heat sou rce. Thus, it is 
plausible that zircon apparent ages do not have any clear correlation with 
depth and temperature. 
The ages obtained from VC2B I sample seem more complicated. Three 
different ages, ranging from 31.2 to I 18 Ma, were obtained using different 
spontaneous track etching times. It is clear that the higher the spontaneous 
track density (or the less etching time), the older the age becomes. It seems 
the thermal history of VC2B 1 has been quite different from that of VC2B2, 
although both samples originate from similar Permian formations. As shown 
in Fig. 4, the spontaneous tracks of these two samples have almost the same 
redwced track length ratio and distribution pattern, but the ages obtained are 
signiificantly different. The ages of VC2B 1 are much younger than the 
Permian, whereas that of YC2B2 is much older than the Permian. A possible 
expLanation is that zircons of YC2B 1 (Permian Yeso Formation) were 
completely annealed at some time in the Mesozoic era ( -130 Ma?), as the 
olde.st age of VC2B 1 is 118 Ma. This explanation seems quite unrealistic, 
how1ever, because the samples at greater depths do not show any affects of 
an intense thermal event in the Mesozoic era; their ages are older than the 
Mesozoic. 
The different ages determined for VC2B 1 could be explained by the 
following alternatives. One is that zircons of VC2B I came from different 
sources, and the other is that the annealing character for zircons of YC2B I 
is different. It seems that the former is more plausible because the age 
discnpancies seem too large to be explained by differences in annealing 
character. 
The closure temperature of zircon FTD can be implied as follows. In 
order to estimate the closure temperature, it is necessary to determine a 
heating time and corresponding temperature for a sample, based on the 
following equation: 
!:l t = AQ ex p (A 1 + A 2 I T ) 
where !:lt = heating time (t), 
T = temperature (K), 
AO =constant (t), AI =constan t, A2 =cons tant (K), 
It is assumed that the Valles caldera has been continuously hot since 
-1 Ma because many radiometric age determinations on spring deposits, core 
sumples of vein minerals and altered host rocks by K-Ar, Ar-Ar, U-series 
and paleomagnetic me th ods produce ages in the range of -1 Ma to the 
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present (See Table 6 in Goff et al., 1992). As for the temperature estimate, 
flluid inclusion studies indicate that the maximum temperatures in the 
Paleozoic Madera and Sandia strata from corehole VC-1 (Fig. 1) reached 
between 270 and 285 °C (Sasada, 1988; Hulen and Nielsen, 1988), while the 
maximum temperature of intracaldera rocks from 42-164 m depth of corehole 
VC-2A at Sulpher Springs was about 200 °C (Hulen et al., 1987). 
Paleomagnetic studies (Geismann, 1988) and clay mineral assemblages 
(Keith, 1988) on Paleozoic strata from corehole VC-1 also indicate that the 
maximum temperature caused by the Valles caldera hydrothermal activity was 
approximately 300 °C. These data all indicate that the heating time of all the 
samples is about 1 million years and the temperature of each sample has 
remained approximately the same as its present temperature. 
From this assumption and using the data of sample VC2B4, a reduced 
fission track length ratio of 46% was obtained under isothermal conditions at 
2.94 °C for 106 years. Brandon and Vance (1992) estimated that the reduced 
track density ratio in zircon is I 0 % under 262 °C isothermal condition for 
I o6 years, which means fission tracks are almost completely annealed in 
these conditions. Brandon and Vance ( 1992) calcu Ia ted the zircon closure 
temperatures to be 212-258 oc for cooling rates of 1- 100 °C/my. Brandon 
and Vance ( 1992)' s closure temperatures are in concordance with or higher 
than those previously determined from geological data (e. g. H arrison et al., 
1. 979; Zaun and Wagner, 1985). Thus, the closure temperature of zircon FTD 
implied from our data seems higher than the closure temperatures previously 
determined from geological data. 
4. CONCLUS IONS 
I. Zircon FTD ages from the Permian Abo Formation to Precambrian 
quartz monzonite indicated partially annealed ages of about 450-600 Ma. 
Although the zircons were obtained from Permian strata, they probably 
originated from Precambrian rocks. 
2. The fact that there is no correlation between zircon ages and 
sampling depth is probably due to hot fluid flow and/or hot vein 
emplacement associated with recent volcanic activity. 
3. Zircon FTD ages from the Permian Yeso Formation indicate much 
younger ages than the Permian, the reason of which is unknown. These 
zircons seem to have come from different source areas, because ages among 
zircon grains differ greatly. 
4. The closure temperature of zircon FTD implied from YC2B data 
s ~eems to be higher than that previously determined from geological data. 
5. Zircon FTD studies on YC-2B core offer some insight not only into 
thermal history, but also source rocks of zircons in pre-Valles caldera strata. 
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